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Abstract
Protein  phosphorylation  plays an  e sse n tia l role in a  d iv e rse  array  of 

signalling c a sc a d e s  and regulates m any cellular p ro cesses . Protein k inase 

C s (PK C s) c o n s titu te  o n e  of th e  fam ilies of k in a se s  involved in 

phosphorylating su b stra te s  on serine or threonine residues. T h ese  k inases 

w ere initially identified a s  being recep to rs for tum our prom oters (phorbol 

e ste rs) and the  conditions required to activate different isoform s determ ine 
the subgroup classification of the 10 isoforms.

C lassical PKCs (a,p i, pH an d  y) depend  upon C a2+ and lipids (DAG, PS- 

phospholipids.) Novel PKCs ( 8,e,ri, jx and  0 ) a re  insensitive to C a2+ but are  

activated by lipids, DAG and phospholipids. The atypical PKCs (£,i and  X ) 

differ greatly. T h ese  p ro teins are  insensitive to C a2+ and  phorbol e s te r  
binding. The lack of knowledge on the control of the atypical PKCs h as  m ade 
the role of the atypical PKCs m ore elusive. N evertheless, PKC £ h as  been  
implicated in cell growth and differentiation. Moreover, PKC £ is thought to be 

involved in a  plethora of signal transduction pathw ays, including the R as and 
MEK/MAPK pathw ays. The related atypical PKC i may be involved in UV 

induced apoptosis and insulin signalling.

The aim s of this th esis  are  to define the  control and biological role of the  
atypical PKCs - primarily focusing on PKC As one approach , the project 

a ttem pted  to c rea te  a  knockout m ouse. This would help define a  biological 
end point and therefore permit elucidation of the inputs. This study led to the 
identification of a  pseudogene  and its origin is described.

As a  second  approach to investigate PKC £ control, various direct paths w ere 

followed - ranging from searching for potential binding proteins and cellular 

localisation, to analysis  of activation by lipids and phosphorylation. T h ese  
stud ies have provided evidence for the dynamic control of PKC £ (and PKC i) 

through a  k inase c a sc a d e  involving the  lipid k inase PI3-kinase, the  lipid 
responsive  PDK1 and finally phosphorylation of PKC £ a t a  site defined a s  

th reonine 410. The operation of this pathw ay and its influence on PKC £ 

autophosphorylation (in vivo) and activity (in vitro) a re  p resen ted .
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Chapter 1

1.1 General concepts in signalling pathways

Our understanding and enjoym ent of life a rises  due to interpretation of 

complex sensory  inputs:- visual im ages, therm al changes, noise, touch, 
smells. All da ta  is p rocessed  and analysed  in a  highly controlled m anner to 

elicit an  appropriate response . Given a  stimulus, we can respond. On the 
cellular level, the sam e phenom enon occurs. Extracellular stimuli, for 
exam ple growth factors, horm ones, neurotransm itters, tem perature, light or 
chem ical gradients affect cells by activating or inhibiting trans-m em brane 
receptor coupled signalling system s which in turn m ediate the  production of 
second  m essen g ers  and/or secondary  responses. S econd  m essen g ers  
proceed to activate or inhibit the activities of various cellular control proteins, 
including protein k inases and pho sp h atases . The consequential activation of 
distinct intracellular signalling pathw ays can  then effect different cytoplasm ic 
m achineries or elicit a  specific nuclear response, resulting in g en e  
expression. Proliferation, differentiation or modification of the cell m orphology 
to nam e but a  few responses may then occur.

1.2 Signalling Cell Surface Receptors

There are several c la sse s  of signalling cell surface receptors. R eceptors differ 
in their m echanism  of transducing extracellular signals. Ligand-induced 
receptor activation may elicit tyrosine phosphorylation of cytoplasm ic 
proteins, directly, via receptors with an intracellular tyrosine kinase domain or 
indirectly, if the receptor h as no enzym atic activity, by association of non­
receptor tyrosine k inases to the trans-m em brane receptor, a s  is seen  for the 
cytokine or haem atopoetic  agonist receptor. Alternatively, signalling may 
occur through protein Ser/Thr kinase receptors, the first to be identified in 
m am m als w as the receptor for activins, in the transforming growth factor, TGF 
P, superfam ily (M athews and  Vale, 1991). Phosphorylation independen t 
transfer of extracellular stimuli can occur through G proteins, which are  sev en  

transm em brane receptors with a  specific and well characterised  structure 

(Dixon et al., 1986; Maguire et al., 1976; Northup et al., 1980). G protein 

receptors are  coupled to three m em brane asso c ia ted  subunits (a,p,y) 

(Gutkind, 1998; Leurs et al., 1998). Signal propagation requires GTP, w here 

the guanine nucleotide binds specifically to the a  subunit. G protein receptors 

can integrate inputs from several stimuli, for exam ple, several horm ones can
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elicit cAMP re lease  via Gs (Liu and  Northup, 1998). G protein m ediated  
signalling results in signal amplification and  specific activation of PKCs by G 

protein-m ediated pathw ays, a s  will be outlined below.

A few pathw ays exist that are  not directly channelled  through cell surface 

receptors (Evans, 1988). Lipid soluble ligands e.g. steroid horm ones, readily 

diffuse into cells and interact with cytoplasm ic or nuclear receptors. Growth 
factors m ay also  elicit their re sp o n ses  by internalisation of growth factor 
bound receptors, which en ter the endosom al pathway. Signalling c a s c a d e s  
have been  shown to be initiated in endosom al pathw ays and may play a  role 
in mitogenic pathw ays (Beguinot et al., 1984; Smythe, 1996; Sm ythe an d  
W arren, 1991). Ligands are  not the only stimuli triggering the activation of 
signalling pathw ays. O thers include s tress  alterations in m em brane structure 
or oxidative radical sp ec ies  activating signalling com ponents (Finkel, 1998).

Cell surface receptors consist of an extracellular domain, which binds 
ligands; a  transm em brane domain and  an intracellular domain, which 
determ ines how the receptor m ediates intracellular signalling pathw ays. The 
m em brane spanning region w as found to be more than just a  passive lipid 
anchor. For cErbB2, if Val 659 (a transm em brane am ino acid) is converted to 
a  glutamic acid, the receptor is oncogenic (Gam ier et al., 1994). Furtherm ore, 
the seven  transm em brane region of G proteins undergoes a  shift in structure 
on stimulation, first discovered in the crystal structure of rhodopsin, m ediating 
the effects of light activation (H enderson et al., 1990).

The initial event in the activation of cell surface receptors involves ligand 
binding to the extracellular domain. Ligands are often dimeric (e.g. platelet 
derived growth factor, PDGF A and  B chains are  joined by d isulphide 
bridges), which specifies binding to dim erised receptors (Lemmon et al., 
1997). O ne ligand may bind exclusively to a  single receptor type, for exam ple, 
ligands activating tum our necrosis factor (TNF) family receptors (with the 
exception of lymphotoxin a) or a  large diversity of ligands can  bind a  single 

receptor, exemplified by the antigen receptors. Ligand binding induces either 
direct conformational ch an g es  of the receptor (transformation), resulting in 

receptor activation (for exam ple, steroid horm ones, which can then bind DNA 

directly), or receptor dimerisation or oligomerisation (Lemmon an d  
Schlessinger, 1998) This c a u se s  autophosphorylation within the intracellular 

domain resulting in receptor activation. For receptor tyrosine k inases, 

autophosphorylation ex p o ses  either the catalytic site (as depicted by the 

insulin receptor activation from structural da ta  (Hubbard et al., 1994) or
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binding sites which then enab le  recruitm ent of cytosolic com ponents. 

Downstream  effector binding and m ore specifically, crucial protein-protein 

interactions via specific m odules organise cytosolic proteins in the proximity 

of stim ulated receptors, enabling signal transduction (Heldin e t al., 1998).

Specific binding m odules have been  identified (Paw son and Scott, 1997). For 
receptor tyrosine kinases, cytosolic com ponents bind either SH2 or PTB 

dom ains (specifically recognising phospho-tyrosine residues (Paw son and  
Gish, 1992). SH2 (src homology region 2) dom ains w ere first d iscovered in 
Src (Paw son and Gish, 1992; Songyang et al., 1993). The regulatory dom ain 
of phosphatidylinositol 3-kinase, PI3K, p85, binds via an  SH2 dom ain to the 
C-terminal to the phospho-tyrosine residue (YpXXM) of the PDGF receptor 
(Escobedo et al., 1991; Klippel et al., 1992). SH2 dom ains a re  found in 
several different proteins, for exam ple, enzym es, PLC y, R as GAP and SH- 
PTP2 (Welham et al., 1994), or transcription factors, signal transducers  and  
activators of transcription, STATs (Hibi and Hirano, 1998), or o ther ad ap to r 
proteins, for exam ple, Grb 2 or Nek. Alternatively, cytosolic proteins bind to a  
slightly larger (by 86 am ino acids) phospho-tyrosine binding (PTB) dom ain 
(Kavanaugh et al., 1995; K avanaugh and Williams, 1994). The PTB 
recognition seq u en ce  is N-terminal of the phospho-tyrosine residue, NXXYp. 
PTB dom ains are  found in adap tor proteins, for exam ple, She (Cutler et al.,
1993) or in the insulin receptor substrate  binding protein (IRS1) (G ustafson et 
al., 1995). O ther structural dom ains important in receptor recruitment include 
SH3 dom ains (a proline-rich binding motif, found in several SH2 receptor 
tyrosine kinase-binding proteins) and  pleckstrin homology (PH) dom ains, 
which confer the ability to bind phosphoinositol lipids (Haslam et al., 1993; 
Lemmon et al., 1995). For TNF receptor-m ediated signalling, adap to r proteins 
are required to link the TNFR 1 and  2 (via TRADD and TRAF 1 and  2 
respectively), binding by death  dom ains (Baker and Reddy, 1998; Hsu et al., 

1996).

How Ser/Thr kinase receptors transduce  TGF p signals is unclear. However, 
recent evidence h as deciphered  more of the  dow nstream  pathway. TGF p 

receptor family com prises three c lasses , types I, II and III, for exam ple, 

betag lycan  (Lopez-Casillas et al., 1991). G enetic ap p ro ach es  in Drosophila 

and C.elegans have resulted in the characterisation of Mad (m others again st 

dpp, decapen tap leg ic) and  Sm ad 2-4 (Newfeld et al., 1996; Raftery et al., 

1995; Sekelsky et al., 1995) and more recently, vertebrate hom ologues, 

Sm ad 1-6 (Derynck and Zhang, 1996). There are  th ree  groups of S m ads:- 

those that bind directly and  are  a  substrate  for TGF p recep tors (Chen et al.,
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1996; K retzschm ar e ta l ., 1997; Zhang et al., 1997); those that asso c ia te  with 

receptor activated Sm ads, and proteins that inhibit Sm ads, anti-Sm ads, for 

exam ple Sm ad 6 or 7 (Imamura et al., 1997; Nakao et al., 1997). Sm ad 2 an d  

3 bind the TGF p receptor directly and  sub seq u en t C-terminal association and 

phosphorylation of Sm ad 4 results in its nuclear translocation and  activation 

of transcription (Derynck et al., 1998; Kretzschm ar and M assague, 1998; Liu 

et al., 1997). TGF p m ediated pathw ays regulate growth and  cell cycle 

progression.

R eceptors a re  them selves regulated and  switched off by internalisation an d  
downregulation (Mellman, 1996) or dephosphorylation, by receptor 

assoc ia ted  p h o sp h atases . This w as initially discovered in Drosophila for 
receptor tyrosine kinase regulation (corkscrew and torso (Perkins et al., 1996) 
or m ore recently, S H P  (Lanier, 1998; Myers et al., 1998; Roach et al., 1998; 
Stein et al., 1998; Yu et al., 1998). P h o sp h a tase s  are  thought to asso c ia te  
with plant (Arabidopsis) Ser/Thr kinase receptors (Stone et al., 1994), but this 
has  yet to be established for vertebrate TGF p receptors.

Direct recruitment of cytosolic com ponents to activated receptors, results in 
the activation of certain responses. Lipid m etabolism  may be stimulated to 
elicit second  m essengers, for exam ple calcium and lnsP3, m ediated by PLC y 
or PI(3,4,5)P3, via PI3K. Alternatively, adap tor proteins will then recruit o ther 
signalling m olecules, for exam ple S os binding to Ras to initiate activation of 
the MAPK cascad e  and gene  expression. Specific signalling pathw ays 
involved in PKC activation will be d iscussed  below.

1.3 Eukaryotic Protein Kinases

Signal transduction is a  generalised  concept and en co m p asses  severa l 
signalling pathw ays. The complexity and  need  for high d eg rees  of regulation 

a rises  due to cross-talk betw een signalling m olecules and kinases. It is the 

delicate balance betw een kinase and ph o sp h atase  activity which can  
m odulate the cell’s  response. Eukaryotic protein k inases a re  a  large 
superfamily of hom ologous proteins. Predictions m ade from sequencing  the 

mammalian genom e are  that around 1 or 2%  of all g en es  encode protein 

kinases. Post-translational modifications of proteins by phosphorylation h a s  
been  well estab lished  a s  a  principal m echanism  of regulation of cellular 

functions in eukaryotes (Hunter, 1995). Phosphorylation (commonly, by 

transfer of y-phosphate groups from ATP onto hydroxyl groups) of serine, 

threonine or tyrosine residues in the substra te  protein trigger conform ational
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ch an g es  which alter the properties of the protein leading to the physiological 

response  appropriate to the particular agonist. Therefore understanding the 

role and  regulation of k inases and p h o sp h a ta ses  (their specific effectors, 

agonists or substrates) will lead to the unravelling of m any cellular p rocesses.

1.4 PKC introduction

Protein kinase C (PKC) w as originally identified in 1977 a s  a  cyclic nucleotide 
independent protein kinase (PKM), which w as proteolytically activated by a  
calcium sensitive p ro tease. W hen a ssay ed  in a  cell free system , PKC w as 
found to be activated by calcium in a  phospholip id-dependent m anner (Inoue 
et al., 1977; Takai et al., 1977). Moreover, a t physiologically low 
concentrations of calcium (10‘7 M range), PKC required diacylglycerol (DAG) 
in addition to phospholipids for activation (Kishimoto et al., 1980; Takai et al., 
1979).

S tudies carried out in platelets initially dem onstrated  that activation by 
thrombin, collagen or platelet activation factor, PAF (K aw ahara et al., 1980; 
Sano et al., 1983) resulted in a  concom itant phosphorylation of two proteins, 
a  20kD and 40kD protein, together with the su b seq u en t re lease  of platelet 
g ranules (leyasu et al., 1982). The 40kD protein w as found to be an in vitro 

PKC substrate . The d isap p earan ce  of inositol phospholipids from the 
m em brane (Bell and  Majerus, 1980; K aw ahara et al., 1980; R ittenhouse, 
1979) w as alw ays linked to the re lease  of platelet granules and  
phosphorylation of a  40kD protein, suggesting  that PKC physiologically 
m ediated the response . Moreover, on stimulation, platelets rapidly and  
transiently produced DAG (which h as  a  1-stearoyl-2-arachidonyl backbone  
(Holub et al., 1970). Synthetic DAG ad d ed  to platelets induced  
phosphorylation of the 40kD protein (used a s  an  indicator of PKC activity) and 
it w as shown that there  w as no change in intracellular calcium (using quin2, a  
calcium indicator (Rink et al., 1983). Therefore, it w as concluded that PKC 
becom es activated in resp o n se  to extracellular stimuli by transiently induced  

DAG. This reversible activation of PKC by DAG w as a  turning point in signal 
transduction, linking protein phosphorylation and  inositol phospholipid 
turnover.

After this discovery, the connection w as m ade betw een PKC and  a  synthetic 

DAG-mimicking com pound, phorbol e s te rs  (TPA). Phorbol e s te rs  are tum our 

prom oters. Several kinetic stud ies suggest they act at the cell su rface 

m em brane (Blumberg, 1980; W einstein e t al., 1979) and  can mimic the action
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of horm ones and neurotransm itters and stimulate cell proliferation. This led to 

the classification of PKCs a s  receptors for phorbol e s te r (in vivo and  in vitro 

(C astagna et al., 1982; Yamanishi et al., 1983). Phorbol e s te rs  a re  able to 

intercalate into the phospholipid bilayer for prolonged time periods, since  

they a re  only m etabolised very slowly, which explains the pro longed  

proliferative effects on cells. Experim ents using 3H-PDBu (a 3H- labelled  
phorbol derivative, less hydrophobic than TPA) dem onstrated  that only in the  

p resence  of phospholipids and calcium could phorbol e s te rs  bind to purified 
PKCs (Kikkawa et al., 1983). PDBu bound to PKC in a  1:1 relationship in the 
p resence  of phospholipids. The question of w hether PDBu bound directly to 
PKCs or not w as raised after experim ents using a  photoaffinity-labelled p robe 
of phorbol e s te rs  (Delclos) w as found to interact primarily with phospholip ids 
(Delclos et al., 1983). The elucidation of the structures and  cloning of the PKC 
family m em bers helped to resolve this issue.

1.5 The PKC Family

PKCs are  serine/ threonine protein kinases, which fall into the  AGC 
superfamily of kinases. The AGC kinase classification includes k in ases  
activated by cAMP (PKA), cGMP (PKG), of course  DAG/phospholipids (PKC), 
related k inases (PKB, which w as identified a s  being related to the A and  C 
kinases (RACs) and will be d iscussed  later) and k inases which phosphorylate 
G protein-coupled receptors (PARKs). The CaMK (family of k inases regu lated  
by calcium and calmodulin) and  CMGC (a family of cyclin-dependent k in ases  
and MAPK) kinases are  other related Ser/Thr and dual specificity k inases.

The first PKCs to be identified (PKC a , PKC p, PKC y) w ere isolated from 
brain cDNA libraries by low stringency sc reen s  (C oussens et al., 1986; Parker 
et al., 1986). PKC isoforms are  abundant in the brain and further s c re e n s  
yielded three additional PKCs - PKC 6, PKC e, PKC £ (Ono et al., 1987; Ono et 
al., 1989). Screening of cDNA libraries from other tissu es  h as  led to the  
identification of the other PKC isoforms, known to date  - PKC tj (O sada et al., 

1990), PKC 0 (O sada et al., 1992), PKC i (Selbie et al., 1993), PKC X 

(Akimoto et al., 1994) - and the PKC-related kinases, the PRKs (Mukai an d  

Ono, 1994; Palm er and Parker, 1995) and PKD (Van Lint et al., 1995), PKC 11 

(Johannes et al., 1994). B ased on their am ino acid seq u en ce  similarity an d  

enzym atic properties, the PKC isoforms have been  classified into th ree  

subgroups.
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The classical PKCs (cPKCs) a re  the  b est characterised , possibly due  to 

having been  identified first. This subgroup  consists  of isoform s PKC a , PKC 

pi, PKC pH and PKC y. The p g en e  undergoes alternative splicing, resulting in 

two isoform s differing in their 50 C-terminal am ino acid residues (C o u ssen s  et 

al., 1987). cPK C s a re  activated by calcium, phospholip ids, 

phosphatidylserine (PS) and  DAG (or phorbol e s te rs  experim entally).

The second  subgroup is the novel PKCs (nPKCs), com prising PKC 5, PKC r\, 

PKC £ and  PKC 0. T h ese  isoforms a re  insensitive to calcium  but a re  still 

activated by DAG or TPA in the  p resen ce  of PS. The u se  of phorbol e s te rs  a s  

an experim ental tool to m anipulate PKC function in vivo h a s  greatly 
enhanced  our understanding of the role of the cPK C s and  nPKCs.

The third subgroup is the  atypical PKCs (aPKCs):- PKC £ and PKC i ( PKC X, 

the murine PKC i isoform). T h ese  are  the  most diverged of all PKC family 
m em bers since they a re  insensitive to calcium and  DAG, but a re  activated  to 
som e extent by phospholipids, for exam ple, PS  (Ono et al., 1989).

The PKC related k inases (PRKs) a re  similar to the aPK C s in that they a re  
insensitive to calcium and  DAG/phorbol e s te rs  but have a  unique regulatory 
dom ain containing, hom ology regions (HR), which interact with Rho A 
(Amano et al., 1996; Flynn et al., 1997; W atanabe et al., 1996). PKD is a lso  
unusual due to its being activated by DAG and  phorbol e s te rs  and  yet it h a s  a  
very different kinase dom ain. PKD also  h a s  a  putative PH dom ain (G ibson et 
al., 1994). It is questionab le  a s  to w hether PKD is a  PKC family m em ber 
(Rozengurt et al., 1997).

The alignm ent of the PKCs allows the identification of various co n se rv ed  
regions. The catalytic dom ains show  a  high d eg ree  of hom ology but the  N- 

terminal regulatory dom ains are  m uch m ore diverse and  provide the  m ain 
basis  for PKC subgroup  classification (Figure 1.1). Within the  regulatory  

dom ain a re  motifs which define a  distinct localisation or confer specific 

activation properties to the  individual isotypes. The different PKC do m ain s  

(conserved and  variable regions) will be d iscu ssed  in m ore detail.

1.6 C1 Domain

The C1 dom ain w as initially identified in the  classical and  novel PKCs a n d  

consists of a  conserved  motif of cysteine and  histidine residues. The C1 

dom ains a re  capab le  of chelating zinc ions (Hubbard et al., 1991) in a  zinc
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finger structure (chelating two zinc a tom s per C1 dom ain (Q uest et al., 
1992).The two m etal binding sites a re  crucial in maintaining the fold of the 

structure and  pulling together otherw ise far apart residues (Hommel et al.,
1994). The zinc finger is m ade up of two p sh ee ts  on the top half of the  

domain, which form a  cavity filled with w ater m olecules. T h ese  m olecules a re  

displaced by DAG or phorbol e s te rs  and  the p strands a re  “unzipped”. This 

Cys-rich motif (HX12C-X2CX10_14-C-X2-C-X4-H-X2-C-X6-C) is duplicated in w hat 
h as  been  classified “typical” C1 dom ains, to give C1A and  C1B motifs (Hurley 
e t al., 1997).

C1 regions in PKCs w ere found to bind phorbol e s te rs  (by mutational analysis 
of GST-fusion protein and  crystallisation of the second  zinc finger motif-PMA 
complex of PKC 8 (Zhang et al., 1995). The C1A and B dom ains of PKC y bind 
phorbol e s te rs  with similar affinities (Q uest et al., 1994) However, in vivo there 
is a  difference in affinity of the C1 dom ains of GFP tagged  PKC y for 
m em brane translocation (O ancea et al., 1998). Moreover, the C1B dom ain of 
PKC 8 w as found to bind phorbol e s te rs  much tighter than C1A (Hunn a n d  
Quest, 1997). Therefore for PKC 8, the two dom ains a re  not equivalent a n d  
the C1B dom ain confers increased  phorbol e s te r binding affinity and  if the  
domain is deleted , d e c rea se d  m em brane translocation is s e e n  (Szallasi e t 
al., 1996). T here  is a  possibility that in vivo, the two C1 dom ains have high 
and  low (C1B and C1A, respectively) affinities for DAG or that in the full length 
protein the dom ains a re  orientated in such a  way a s  to block a c c e ss  to the  
ligand for one  of the C1 subdom ains. Interestingly, phorbol e s te r  binding 
d oes not alter the overall conformation of the dom ain but com pletes the top  
surface of hydrophobic residues, allowing d eep e r penetration into th e  
m em brane (Newton, 1995).

What determ ines the  ability to bind DAG is unclear. A single “typical” C1 
dom ain is sufficient to bind DAG/phorbol esters, however, the zinc finger in 
the aPK C s (having higher similarity to the  C1A domain) d o es  not bind DAG 
(Ways et al., 1992). T here a re  certain co n sen su s  sites distinct from Cys/H is 
residues which m ay determ ine phorbol e s te r  sensitivity (Figure 1.2). Initially, a  

conserved  proline (at position 11) w as thought to determ ine binding by 
restricting the ang le  betw een p sh ee ts  and  maintaining the  pocket in an  o p e n  

conformation. Atypical PKCs do not have two co n sen su s  residues in positions 

11 (Pro) or 20 (a hydrophobic residue). Mutating the residue in position 11 to 

Pro does not confer phorbol e s te r  sensitivity (Kazanietz et al., 1994). W hether 
mutation of the o ther site would be sufficient to confer phorbol e s te r  binding is 

not known. C o n sen su s  residues (Pro 11, Gly 23, Gin 27) a re  important in
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maintaining the unzipped structure and other residues (8,13,20,22,24 which 

a re  usually Met, Val, Leu, lie, Phe, Tyr or Trp residues) form a  hydrophobic 

wall around the groove and may insert into the hydrophobic core of the 

bilayer.

T hese  structural seq u en ce  hom ologies help identify potential phorbol e s te r 

binding proteins and  can  be supplem ented  with knowledge from known C1 

phorbol e s te r binding dom ains. Single or multiple copies of C1 or C 1-rela ted  
dom ains occur in other proteins- n-chim aerin (Ahmed et al., 1990), unc-13 

(M-unc is the m am m alian hom ologue), Raf, Ksr (Sundaram  and Han, 1995), 
PKD (Valverde e t al., 1994), DAG kinase and the oncoprotein Vav (Gulbins et 

al., 1994). N-chimaerin and PKD bind DAG and  can be activated by phorbol 

esters.

It has  been suggested  that the C1 domain of the aPKCs, binds other lipids, for 
exam ple, ceram ide, in an  analogous m anner to DAG for c/n PKCs. It rem ains 
unresolved a s  to w hether ceram ide binds directly or specifically to aPK C s 
(Huwiler et al., 1998; Lozano et al., 1994; Muller et al., 1995). O ther proteins 
have been  found to interact with the C1 domain of aPK C s and  so this dom ain 
may be essen tial for protein-protein interactions. Par4 binding to the zinc 
finger of aPK C s m odulated its enzym atic activity, by inhibition of PKC £ in vitro 

and in vivo, after UV-induced stimulation of par4 (Diaz-Meco et al., 1996). 
Conversely, PKC X interacting protein, LIP, specifically binds to the zinc finger 
domain of PKC X, stimulating activity. Thus for the aPK Cs, the C1 dom ain 
d o es  not only m odulate lipid-mediated PKC activation.

The zinc finger has  also been  implicated in cellular localisation. DAG induced 

translocation to the plasm a m em brane h as  been  a  well estab lished  readout 
for PKC activation (Kraft et al., 1982). The zinc finger dom ain of PKC e a lo n e  
w as capable of localising PKC £ to the golgi (Lehel et al., 1995). Interestingly, 
in the context of the regulatory domain, PKC e is a lso  localised at the p lasm a 

m em brane.

1.7 C2 Domain

Classical PKCs w ere originally discovered due to their sensitivity to calcium  
and phospholipids and  it w as suggested  that calcium binding may be via an  

EF hand domain (Parker et al., 1986). However, a  unique C2 binding dom ain 

found in num erous proteins and recently in o ther proteins, e.g. 

synaptotagm in, a  transm em brane protein (Sutton et al., 1995) an d



phospho lipase  A (PLA,) (Perisic et al., 1998), h a s  given insight into the  
domain structure. T here  a re  two variations of the C2 dom ain, an  S and  P type 

(E ssen  et al., 1996).

The C2 dom ain h as  approxim ately 70 residues folded into loops com pressing  

s e q u e n c e s  a t the am ino and carboxyl termini in the form of a  p sandw ich . 
Calcium binding loops, CBR, com e together to form a  “m outh” (Grobler et al., 

1996). The mouth region contains five aspartic  acid res id u es  and  the  
carboxylate groups binding calcium. If the Asp groups a re  m utated to Arg 
residues, there  is no calcium binding (Edw ards and  Newton, 1997). L ocated  
behind th e se  res id u es  are  bulky hydrophobic am ino acids, in particular 
tryptophan residues, which may act a s  m em brane anchors, forming a  highly 
basic surface. Interestingly, recent crystallographic (of PLC 5 (E ssen  e t al., 
1996) and  NMR stud ies (of synaptotagm in (Sutton et al., 1995) h av e  
dem onstrated  that C2 dom ains can  co-ordinate two calcium ions, unlike the  
EF hand structure which accom m odates a  single calcium ion. NMR stud ies of 
PKC p C2 dom ain have a lso  confirmed the multivalent calcium binding ability 
of PKC C2 dom ains (S hao et al., 1996).

It h as  been  hypothesised  that the region around the  mouth of the C2 dom ain  
can  also  bind to the  m em brane (Newton and  Johnson , 1998). M oreover, the  
C2 dom ain of PKC p a p p ea rs  to preferentially bind anionic, acidic lipids in a  
calc ium -dependent m anner (S hao et al., 1996). Another role for the C 2 
dom ain h a s  been  that of protein-protein interaction. The C2 (A and  B) 
dom ains of synaptotagm in bind syntaxin and  the clathrin ad ap to r protein, AP 
2, respectively (Li e t al., 1995). R eceptors for activated  C -kinases, RACK 1, a  
36kDa hom ologue of the  p subunit of G proteins, com pete  with pep tide  
seq u e n c es  of the C2 dom ain to bind to the calcium binding region for PKC pH 
(Ron et al., 1995). C2 derived peptides w ere found to act a s  specific inhibitors 
of horm one induced translocation and  function of C 2-containing PKC p 
isozym es.

The novel PKCs a re  not regulated by calcium (Sossin  and  Schw artz, 1993), 
even though residues that maintain the fold of the p sandw ich are  p re sen t 

(Newton, 1995). R ecent solution of the crystal structure of the  Vo dom ain of 
PKC 6 (P ap p a  et al., 1998) show s that the nPK Cs contain a  C2-like dom ain  

(in the P type topology). Whilst being unable to chelate  calcium  ions (due to 
only p o sse ss in g  one  of five conserved  aspartic  acid residues in the “m outh” 

region and  having different conform ations of the CBR loops), GAP43, a
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neuronal substra te  of PKC 8, h a s  b een  show n to bind to this region in a  

calcium sensitive m anner (Dekker and  Parker, 1997).

It h as  recently been  su g g es ted  that the basic  face in synap to tagm in  

(specifically Lys residues) m ediates inositol lipid binding (IP4) (Irvine a n d  

Cullen, 1996). However, the basic  sh ee t of PKC pH w as found to have  no  

effect on the m em brane interaction w hen m utated  to Ala res id u es  (E dw ards 
and Newton, 1997). The C2 dom ain clearly plays a  multifunctional role a n d  

d o es  not uniquely bind calcium.

1.8 Pseudosubstrate Region

PKC w as originally identified a s  becom ing m ore active on proteolysis. This 
su g g es ts  it is under som e form of structural autoinhibition. The 
p seu d o su b stra te  (PSS) region w as defined a s  being an  autoinhibitory 
dom ain, primarily m odelled on the  role of the  regulatory dom ain of PKA 
binding in the catalytic cleft (Taylor et al., 1990). The P S S  seq u e n c e  is 
identical to that of a  potential serine/threonine su b stra te  phosphorylation site, 
however, an  alanine residue rep laces the  predicted Ser/Thr phosphory lation  
site (H ouse and  Kemp, 1987). Therefore, this seq u e n c e  h a s  an  affinity for th e  
catalytic active site and  without ATP cata ly sed  phosphorylation, th e  
dissociation of this seq u en ce  from the active site is energetica lly  
unfavourable. Mutation of this region results in effector-independent activity 
(P ears  e t al., 1990; U eda et al., 1996) and  so  provided experim ental ev idence  
that the P S S  site blocks a c c e ss  of substra te  to the  active site. N ewton’s  g roup  
dem onstrated  that the P S S  is m ore ex p o sed  to p ro tea se s  after allosteric  
activation by DAG and  PS  (Orr et al., 1992; Orr and  Newton, 1994), further 
suggesting  the positioning of the P S S  in the  catalytic cleft in the inactive 

enzym e. The P S S  sites of all PKCs a re  slightly different and  this m ay confer 
substra te  specificity to the unique isoform s (Nishikawa et al., 1997). H ow ever, 

they all have certain conserved  basic  residues (Figure 1.3).

Precisely w hat results in the re lease  of P S S  autoinhibition is unknown. Lipid 

and  allosteric effector binding to the C1 and  C2 dom ains activate PKCs, 

however, crystallographic m odels show  only localised conform ational 

ch an g es  on ligand binding. However, the  m em brane itself may facilitate 

re lease  from PS S  autoinhibition. A peptide mimicking residues 19-36 of PKC 

P bound PS  containing m em branes (Mosior and  McLaughlin, 1991). 

Moreover, if accessib le , the P S S  region m ay stabilise  interaction of PKC with 
the  m em brane. Lipid binding h a s  a lso  b een  postu lated  a s  affecting su b stra te
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conformation and so influence the ability of being phosphorylated by PKC 

(Vinton et al., 1998). Arg-rich proteins or pep tides (i.e., protam ine su lphate) 

can a lso  re lease  the PSS  from the active site in a  cofactor in d ep en d en t 
m anner (Leventhal and Bertics, 1991). Thus protein-protein interaction m ay 

also  be important in pulling the PS S  aw ay from the catalytic dom ain. P S S  

binding proteins have also been  implicated in cellular localisation. p62 which 

binds aPKCs, w as found to localise them  to an  endosom al com partm ent 

(Sanchez et al., 1998).

1.9 Kinase domain

The catalytic regions of eukaryotic protein k inases a re  highly con se rv ed  

(Hanks et al., 1988). The kinase domain consists  of 250-300 amino acids an d  
is subdivided into twelve conserved subdom ains which fold into a  catalytic 
core structure. K inase dom ains are required to undertake three  sep a ra te  
roles essential for substrate  phosphorylation. Firstly, binding ATP (or GTP) 
and ensuring correct orientation of the phosphate  donor with divalent cations 
(Mg2+ or Mn2+), secondly, correct orientation and  binding of substra te  (protein 
or peptide) in the active site and thirdly, catalysing y-phosphate transfer from 
ATP to the accep tor hydroxyl residue (a serine, threonine or tyrosine residue) 

of the substrate.

The general structure of the catalytic dom ain h as  been  b ased  on crystal 
structures of certain kinases. The characteristic featu res w ere m apped on 
cA M P-dependent kinase (PKA) and crystallisation of the PKA catalytic 
domain allowed 3D structural analysis of the basic kinase core (Knighton et 
al., 1991). The catalytic core consists of two lobes (one larger in size) 
separa ted  by a  catalytic cleft, the active site (Taylor et al., 1990). For PKA, the 
two lobes confer specific properties. The sm aller am ino-term inal lobe 

(subdom ains l-IV) is primarily involved in anchoring and  orientating 
nucleotides and  the larger lobe is responsible for substrate  interaction an d  

phosphotransfer. The PKA catalytic dom ain w as a lso  crystallised with, PKI, a  
synthetic peptide which mimics the autoinhibitory role of the regulatory 
domain by blocking substrate  accessibility to the active site (Knighton et al., 

1991; Zheng et al., 1993).

For the PKC family, the kinase domain lies in the C-terminal half of the 

molecule. The m echanism  of autoinhibition of PKCs is believed to be sim ilar 

to PKA. C lusters of acidic residues on the en trance of the active site act a s  a n  

electrostatic gate, maintaining the basic P S S  residues in the active site.
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However, unlike PKA, the  kinase dom ain can  only be sep a ra ted  on agonist- 

induced proteolysis (for exam ple, on calcium or TPA stimulation or c a s p a s e s  

for PKC 8 (Denning et al., 1998) in the  hinge region (V3 domain).

The kinase dom ains of all the PKCs are  shown in Figure 1.4 (with PKA a s  a  

com parison). K inase dom ains have certain invariant residues and  c o n se n su s  

seq u e n c es  throughout the superfam ily (Hanks and  Hunter, 1995; Taylor an d  
Radzio-Andzelm, 1994). T h ese  a re  believed to be essen tial for function an d  
implicate the  enzym e in its role a s  a  protein kinase. Various specific fea tu res 
will be d iscussed  below. R esidues believed to be essen tia l for catalysis a re  
listed below, mainly with reference to PKA.

ATP binding (Gly-X-Gly-XX-Gly-X-Val)
The first glycine (Gly 50 in PKA) binds the ribose moiety and  the  seco n d  Gly 
binds n ear the terminal phosphate  (S ternberg and  Taylor, 1984). R esidues 
surrounding the Gly residues form hydrogen bonds with ATP to stabilise the 
interaction or form a  hydrophobic pocket enclosing the ad enosine  ring. T h ese  
include the surrounding Leu and  an  invariant Val residue. Lys 72 is invariant 
and is found 17 am ino acids aw ay from the last conserved  Gly residue. It is 
essential for enzym atic activity by anchoring ATP and m ediating phospho- 
transfer. If this site is m utated to ano ther residue, i.e. to Met in PKC a  (P ears  
and Parker, 1991) or to Arg in PKC 5 (Li e t al., 1995) or to Trp in PKC £ (Diaz- 
Meco et al., 1993), a  kinase inactive enzym e is produced. Asp 166 is invariant 
and is located in a  DLKPEN co n sen su s  seq u en ce . Asp 166 is the catalytic 
b a se  accepting a  proton from the attacking substra te  hydroxyl an d  
subsequently , in line phosphotransfer can  occur. The neighbouring Lys 
residue, K168, stabilises phosphotransfer by neutralising the negative ch arg e  
of y-phosphate during the reaction. The invariant asp arag in e  residue (N171) 
stabilises Asp 166 and a ss is ts  in catalysis by interacting with a /p  p h o sp h a te s  
of ATP and chelating Mg2+ions. The DFG motif is also  a  co n se n su s  site an d  
interacts with phosphate  groups of ATP in Mg2+ salt bridges.

O ther residues are also  important in m aintaining the correct orientation of 

ATP in the active sites. An invariant glutamic acid residue (Glu 91) form s a  
salt bridge with Lys 72, stabilising its interaction with a  and  p p h o sp h a te s  of 

ATP. Moreover, residues in subdom ain V anchor ATP by hydrogen bonding 

with the ribose or adenine ring, for exam ple, Glu 127.
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The PKC kinase domain



Activation loop site phosphorylation
The activation loop phosphorylation site is T197 in PKA, in the lip of the  

kinase and is d iscussed  in m ore detail in section 1.12. Phosphorylation in the  
activation loop site results in maximal kinase activity and the con serv ed  
seq u en ce  in this region is:- TXCGTX(E/D)YXAPE, w here X is a  hydrophobic 

residue. The APE motif fa ces  the cleft and helps stabilise the large lobe by ion 
pair interaction with residues in the XI subdom ain. For PKA, Asp 220 (a highly 

conserved residue) in subdom ain IX stabilises the catalytic loop by hydrogen 
bonding.

Pseudosubstrate binding
Several conserved  aspartic acid residues are predicted to interact with the 

P S S  seq u en ce  to maintain its positioning in the active site. A glutamic acid 
residue, Glu 127 in subdom ain V, forms an ion pair with the Arg residue of the  

substra te  co n sen su s  seq u en ce  (Arg-Arg-X-Ser-hydrophobic residue for 
PKA), thus stabilising substrate  or PS S -k inase binding. Hydrophobic 
residues (residues 235-239 in PKA) in subdom ain IX interact with inhibitory 
pep tides/ seq u en ces .

End of the Kinase domain
The most poorly conserved  region of the kinase domain a re  subdom ains X 
and XI and their “function” is unknown. In PKA, an invariant residue (Arg 280) 
defines, within 9-13 amino acids, the end of the kinase domain,

1.10 V5 Domain

The V5 domain h as been  implicated in playing a  role in m odulating k inase 
activity and by determ ining specific subcellular localisation of PKC. This 
region contains two phosphorylation sites in PKC a  (S657 and  T638). 
F.Bornancin dem onstrated  that phosphorylation of both sites  is crucial for 
protein stability but a lso  in particular, phosphorylation in the S657 site 
controls the net “on” rate of the kinase and  allows further sequen tia l 
phosphorylation of the o ther sites (Bornancin and  Parker, 1997; B ornancin 

and Parker, 1996). If the final C-terminal region of m am m alian PKC a  is 
rem oved and exp ressed  in S.cerevisiae, the protein w as found to be inactive. 
W hether this correlates with protein instability and insolubility is unc lear 
(Riedel et al., 1993). Alternatively, it h as  been  suggested  that phosphorylation 
of the C-terminal region m ay increase the affinity of the C2 dom ain for 
calcium, b ecau se  PKC pi and  PKC pH have different affinities for calcium. 
Moreover, phosphorylation a t the S660 site in PKC pH resulted in a  10-fold
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increase in affinity for calcium (Edw ards and  Newton, 1997). The crystal 

structure of PKA show ed the C-terminal site (until residue 300) on the  surface 

of the kinase domain. Thus there may be a  direct interaction (Taylor et al., 

1993).

The V5 region h as  been  implicated in PKC cellular localisation. In U937 cells, 

the two alternative splice variants of PKC p show  differential localisation:- 

PKC pi (p2) is found on m icrotubules and  PKC pH (P,) in secretory  g ran u les  
(Kiley and Parker, 1995), possibly binding to F-actin, since this association  
has  been  seen  in vitro (Blobe et al., 1996). A further role of the  V5 dom ain has 

been  in protein-protein interaction. The SXV C-terminal motif of PKC a  h a s  
been  shown to bind to the PDZ dom ain of PICK1 (S taudinger et al., 1997). 
PICK1 may act a s  a  scaffold protein or act to stabilise unphosphorylated PKC 
a . PKC a  is localised in the perinuclear region after TPA stimulation (2h) an d  
is phosphorylated in the T250 site (T.Ng, C .Prevostel unpublished data). 
S ince PICK1 is primarily localised in the perinuclear region (S taudinger et 
a!., 1995), it can be postulated that PICK1 localises PKC a  to the perinuclear 
proteasom e and hence be the final signal in the PKC a  degradation pathw ay. 
Therefore the V5 domain is more like a  second  regulatory dom ain and  is not 
just a  “sequence  at the end” of the kinase domain.

1.11 Mechanisms of Activation

Biochemical data, detailed structural analysis and  characterisation of the  
cellular localisation of PKC isoforms h as helped to elucidate the m echanism  
of activation of the PKCs. Unstimulated PKC is essentially  cytosolic on 
extraction with little intrinsic affinity for m em branes. Production of DAG results 
in an increase of PKC affinity for the m em brane a s  evidenced by translocation 
to the m em brane (Kraft and  A nderson, 1983; Wilson et al., 1985). This 
translocation “a ssa y ” w as initially used  a s  a  m arker of PKC activation. The 
purpose of m em brane interaction is to open up the structure and  allow 

accessibility to the active site. A one step  model of effector activation, in this 
case , either calcium or DAG binding alone causing activation, does not occur 

(Ohmori et al., 1998). The concentration of calcium required to cau se  half- 
maximal binding or half-maximal binding of activation of PKC pH in 

unilamellar vesicles (40mol% PS and 5mol% DAG) are  different (1|iM or 

40|iM C a2+, respectively). Sakai et a l dem onstrated  that a  calcium ionophore 

(A23187) induced a  rapid and  reversible m em brane translocation. However, 

subsequen t phospholipid production induced a second  and third



translocation of G FP -tagged PKC y, resulting in a  fully active k inase  (Sakai e t 

al., 1997).

PKC w as originally found to be activated  in a  lip id-dependent m anner, o th e r 

factors, for exam ple, the bilayer lipid com position m ust be co n sid ered  in a  

PKC activation m echanism . Not surprisingly, in experim ents u sed  to 

determ ine which lipid increased  PKC affinity for m em b ran es th e  most, PKC 

pil had highest affinity for the naturally occurring enan tiom ers:- sn -1 ,2 - 

phosphatidylcholine, sn-1 ,2-phosphatidyl-L -serine and  sn-1,2-diacylglycerol 

(Newton and  Johnson , 1998). Thus the  presentation  of the  h ead g ro u p  a n d  

bilayer com position is important. Presum ably  correct orientation of DAG is 

required to slot into the relatively immobile structure of the  C1 dom ain. 
However, interestingly, translocation of PKC w as found to be  in c reased  with 

satu ra ted  fatty acid s and  the  k inase activity is increased  by u n sa tu ra ted  fatty 
acids (Shinom ura e t al., 1991). Polyunsaturated  DAG m ay result in in c re ase d  
spacing betw een lipid h ead  groups, enhancing  a c c e ss  of PKC to th e  

m em brane and  altering the bilayer curvature, which h a s  b een  found to 
activate PI3K (H ubner e t al., 1998).

R ecent ev idence su g g es ts  that c loser and  higher affinity binding of PKC to th e  
m em brane is n e ce ssa ry  for activation. This w as dem onstra ted  by PKC 
interacting with m ore than  one  P S  m olecule (Newton and  Jo h n so n , 1998). A 
larger contact of hydrophobic su rfaces is required to physiologically a n ch o r 
PKC at the m em brane. Experim entally, using TPA m ay overcom e certain  
physiological requirem ents for activation since it binds PKC so  strongly a n d  
tightly (O ancea et al., 1998). The elucidation of the structure of the  C2 dom ain  
a lso  su g g es ts  that a  larger a re a  of the regulatory dom ain potentially form s 

hydrophobic interactions with the m em brane. O an cea  et a l h a s  recently  

d issec ted  the  m echanism  of activation for PKC y, by utilising various deletion  
m utants. If the  V1 dom ain (A PS S) is rem oved, translocation occurs at a  m uch 

faster rate, suggesting  that the  P S S  m asks the  DAG binding site. Calcium is 

sufficient to elicit a  rapid and  transien t resp o n se , how ever, DAG is required to 

stabilise interaction on the  m em brane. The su g g es ted  sequen tia l m odel they  

p ropose is that calcium  interacts with the C2 dom ain, the  V1 dom ain  

subsequen tly  binds to the m em brane, exposing the C1 dom ain en ab lin g  

D AG/m em brane interaction (O an cea  and  Meyer, 1998).

Independent allosteric effectors a lone a re  not sufficient energetically  to 

rem ove the P S S  from the catalytic cleft. For the  cPK Cs, a s  K nudson p ro p o sed  

for tum origenesis, a  two-hit m odel can  be env isaged  (Knudson, 1985;
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Knudson, 1971). The two-hit activation model h a s  to be som ew hat revised in 

light of new definitions of catalytic activity. Activation of PKC by allosteric 

effectors alone is not sufficient to ensure  maximal catalytic activity. A seco n d  

event is essential for maximal activity, namely, phosphorylation (as will be  

d iscussed  below). The m echanism  of PKC activation is not straightforward but 

our understanding of activation is still strongly b ased  on the originally 

identified cPKCs. Of course, defining w here and what e n c o m p a sse s  

activation, for exam ple, d oes this occur prior to m em brane localisation, h a s  

yet to be clarified. O ther important considerations include, how is PKC 
stabilised after synthesis when it is in an inactive state  prior to m em brane 
translocation? AKAP79 h as been  su g g ested  a s  binding PKC a , when this 

occurs is unclear. O ther PKC-binding proteins have been  identified that a re  
found to bind under conditions of serum  starvation, for exam ple SRBC (sdr 

(serum deprivation response)-rela ted  gene  product that binds to c-k inases 
(Izumi et al., 1997), or to inactive forms of PKCs, putative RICKs (Mochly- 
Rosen and  Gordon, 1998). The role th ese  proteins play in m ediating PKC 
stability is unknown. W hat role do other proteins, ch ap ero n es  or scaffold 
proteins, for exam ple syndecans, which may localisation PKCs to focal 
adhesions and m em brane assem bly (W oods and  C ouchm an, 1998), play in 
pre-activation and m em brane localisation of PKCs? GFP-PKC y m em brane 
translocation occurred at a  slow er rate at room tem perature. However, no 
evidence w as found to identify the m echanism  of translocation. TPA-induced 
translocation is not blocked by cytoskeletal inhibitors (cytochalasin D, which 
inhibits actin polymerisation and  colchicine, microtubule assem bly). There is 
also no need  for “energy” dependent motor proteins (Sakai et al., 1997). TPA- 
induced translocation can  also  occur without intrinsic kinase activity, since 
ATP binding site m utants and staurosporine treatm ent do not inhibit 

m em brane translocation. The role RACKs play in PKC activation is 
unresolved (Mochly-Rosen et al., 1991), since they were found to bind PKC 

pH in the perinuclear region (Ron et al., 1995)

D oes the model of cPKC activation (Figure 1.5) apply to the novel an d  
atypical PKCs? Only the nPKCs are activated by DAG and all a re  insensitive 

to calcium levels directly. The C2-like dom ain structure of PKC 5 in the Vo 

region implies that potentially the sam e hydrophobic surface is exposed  in 

the C2 dom ain and will help PK C-m em brane interactions. However, the 

atypical PKCs do not bind DAG and do not have a  C2-like dom ain in the Vo 

region. Therefore, if the atypical PKCs are  to overcom e autoinhibition of the 

catalytic site, other events m ust occur. Either the Vo domain h as  different lipid 
binding sites - the “atypical” C1 domain may bind different lipids (ceram ide,
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phosphatidic acid or PI(3,4,5)P3) or protein-protein interaction h a s  to occur 

prior to the possibility of exposure of the catalytic site. W hether atypical PKCs 

do require m em brane interaction for full activation is still unsure.

Therefore, even though the c,n ,a PKCs are  all fundam entally kept in an  

inactive conformation by binding of the P S S  in the active site, different 

m echanism s of activation m ay be required to relieve this autoinhibition.

1.12 Phosphorylation

Allosteric effector regulation enab les  PKCs to becom e activated and have an  
accessib le  active site, ab le to phosphorylate substrates. However, further 
post-translational modifications a re  required for com plete catalytic activity, 
nam ely phosphorylation.

Borner et al discovered several forms of PKC a  in b reast cancer cells (Borner 
et al., 1989). Pulse-labelling experim ents revealed that PKC a  w as 
synthesised  a s  a  primary translation product of 74kD (a 74kD protein w as 
produced on in vitro translation of the poly(A)+ RNA of PKC a) which w as 
chased  into a  77 and 80 kD “m ature” form of the protein. T hese  experim ents 
implied that PKC a  underw ent post-translational modification, which w as 
identified a s  being due to phosphorylation (incubation with a  Ser/Thr protein 
p hosphatases, PP1, 2A or PAP, dephosphorylated  the 77kD form to 74kD). 
Therefore, the phosphorylation state  of PKC a  w as assoc iated  with a  shift in 
electrophoretic mobility.

Several groups went on to analyse  the phosphorylation state  of various 
PKCs. Flint et a l analysed  the tryptic peptides of rad io labelled  
autophosphorylated PKC pil isolated from baculovirus by rev e rsed -p h ase  
HPLC (Flint et al., 1990). This in vitro analysis recognised four pep tid es  
containing six sites of intrapeptide autophosphorylation (S16, T17, T134, 
T314, T 324, T 634, T 641). Later work identified the in vivo phosphorylation 

sites of PKC pH in unstim ulated cells by HPLC coupled to e lectrospray  
ionisation m ass  spectrom etry and  high energy collision-induced dissociation 

analysis (Tsutakawa et al., 1995) and mutational analysis (K eranen et al., 

1995). Three sites w ere identified (correlating to four phospho-pep tides) 

which w ere - T500, T641, S660. T hese  sites w ere also m apped in PKC a 
(F.Bornancin, PJ Parker, unpublished results). It has been  a ssu m ed  that 

th ese  are the three “priming s ite s” for cPKC. “Priming” sites imply a  necessity  

for th ese  sites to be occupied for optimal protein activity and stability.
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The next question to be answ ered w as what type of phosphorylation occurs - 

is it a  trans- or autophosphorylation? Transphosphorylation is defined here  a s  

phosphorylation occurring by another kinase but could theoretically be by 

PKC itself in the form of homo-dimerisation. To exam ine autophosphorylation, 

various different techniques can be used. Bacterial or in vitro translation 

system s can  be used  w here post translational modifications are  limited. A 

second  approach w as used  initially, w here mixed m icelles containing only 
one protein molecule per micelle (Hannun et al., 1985) dem onstrated  that 

PKC underw ent autophosphorylation by an  intrapeptide m echanism  (Newton 
and  Koshland, 1987). In vitro autophosphorylation a ssa y s  (Mizuno et al.,
1991) were u sed  by several groups to identify potential au tophosphorylation 
sites (Dutil et al., 1994; K eranen et al., 1995). An ATP binding site k inase 
inactive mutant can also be used  to identify autophosphorylation sites, due to 
lacking intrinsic kinase activity (Li et al., 1995). Conversely, any sites which 
fail to becom e phosphorylated in an  in vitro autophosphorylation a s sa y  or a re  
phosphorylated in ATP-binding site m utants, are  cand ida tes  for 
transphosphorylation sites (e.g. T500 in PKC pH and T497 in PKC a). This 
su g gests  that PKC phosphorylation is also controlled by other k inases.

Recent work h a s  given insight into how phosphorylation affects catalytic 
activity and an understanding of PKC phosphorylation, on a  m olecular level. 
O ne site which ap p ears  to be trans-phosphorylated  is the T497 (PKC a), 
T500 (PKC pH) site. C azaubon et a l dem onstrated  that this region containing 
T 494 TST 497 residues w as responsible for the perm issive activation of PKC a  
and that mutating th ese  sites to Ala residues resulted in a  loss of k inase  
activity (C azaubon and Parker, 1993). A more detailed mutational study 
show ed that T497 w as the critical residue for catalytic com petency 
(Cazaubon e ta l . ,  1994). The surrounding sites probably hydrogen bond an d  
help stabilise the phosphorylation of the T497 site, in an analogous m anner 

to T195 in PKA. PKC a  wild-type protein is inactive in bacteria, however, if this 
amino acid is changed  to a  glutamic acid residue, w here a  glutamic acid (E) 
residue resem bles the site of phosphorylated Thr more closely than an  

aspartic acid (D), the protein show s som e activity (C azaubon et al., 1994). 

Thus the T497 site is crucial for catalytic com petency. M utagenesis 

experim ents of PKC pil, w here a  negative charge  w as introduced into the 
activation loop, dem onstrated that this site is essen tial for catalytic activity (Orr 

and Newton, 1994).
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T497 (for PKC a  and  T500 for PKC pH) falls into a  region identified a s  a n  

activation loop. Elucidation of the crystal structures of unrelated k in ases  

(MAPK (Zhang et al., 1994), PKA (Knighton et al., 1991), a  cell cycle 

dependen t kinase, cdk2 (De Bondt et al., 1993) and a  myosin light chain  

kinase, twitchin (Hu et al., 1994) h as revealed that phosphorylation of this 

threonine residue, located at the en trance to the catalytic site, is essen tia l for 

activity. The activation loop occurs betw een conserved  subdom ains, VII a n d  
VIII, in the kinase dom ain. The crystal structure of PKA dem onstrated  that 
when the activation loop site (T197) is occupied, the protein is in an  active but 
also  more stable conformation.

The crystal structures of the other k inases differ in the orientation of their VIII 
subdom ains. The differences in structure can be accounted  for by considering 
the activity state  of the kinase crystallised. The negative charge introduced by 
phosphorylation is required to correctly align residues for catalysis. More 
specifically for PKA, phosphorylated T197 then interacts with multiple s ide  
chains, for exam ple Arg 165 (which is ad jacen t to the proposed target b a se  
catalyst (Asp 166), and T195. T hese electrostatic interactions stabilise the  
active conformation of the protein. Som e of the other am ino acids which 
interact with the phosphate, for exam ple, Lys 189, further suggest that a  
phosphate  is required to orientate several key residues in the active site 
(Taylor and Radzio-Andzelm, 1994). The important question still rem ains, 
what is the PKC kinase responsible for phosphorylating the activation loop 
site?

The following table identifies phosphorylation sites which have been  either 

m apped or postulated a s  being essential due to the m apping or m utational 
studies of PKC a  or PKC pH (Table 1.1).

j
|
i3
i
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Table 1.1
“Priming” phosphorylation sites in other PKC isoforms, based upon PKC a  
and PKC pil sites

P K C
is o fo rm

s p e c ie s A c tiv a tio n  
loop  s ite  

(T F C G T P )

“F S Y ” s ite “T P ” s ite

PKC a hum an T497 S 657  (FSY) T638 (TPP)

PKC pi hum an T500 S 660  (FSY) T641 (TPP)

PKC pil hum an T500 S661 (FSY) T642 (TPT)

PKC y rat T514 T674 (FTY) T655 (TPP)

PKC 5 rat T505 S 662  (FSF) S 643  (SFS)

PKC 6 hum an T 507 S 664  (FSF) S 645  (SYS)

PKC e hum an T566 S729 (FSY) T710 (TLV)

PKC e rabbit T565 S 728  (FSY) T709 (TLV)

PKC r| rat T513 S675 (FSY) T656 (TPI)

P K C ti (L) hum an T512 S674  (FSY) T655 (TPI)

PKC 0 hum an T538 S695 (FSF) S676  (SFA)

PKC £ hum an T410 E579 (FEY) T560 (TPD)

PKC i hum an T403 E555 (FEY) T574 (TPD)

Are the  priming phosphorylation sites the only phosphorylation e v en ts  
occurring in PK Cs? Initial in vitro experim ents studying PKC pil d em o n stra ted  
that there  w ere six potential autophosphorylation sites, in vitro. 2D 
phosphopeptide  m apping of PKC 5-K376R (an ATP binding site m utant) 
revealed at least two autophosphorylation sites. O ne is definitely known to b e  
S643 but the o ther h a s  not b een  characterised , but could be S662, b a se d  on  
data  from A.Newton. D ata from our lab show s that a  fourth site, T250 in PKC 
a ,  is a lso  phosphorylated  in an agonist d ep en d en t m anner. T hus ev en  
though there  is ev idence for there  being th ree  “priming” phosphory lation  
sites, th e se  a re  not necessarily  the only important regulating phosphory lation  

events. O ther sites m ay becom e phosphorylated  on further activation; 
becom e phosphorylated  to target the protein to certain com partm ents o r 
perhaps act a s  a  signal for degradation.

In addition to Ser/Thr phosphorylation, PKC 5 u n d erg o es  tyrosine 

phosphorylation in re sp o n se  to various different stimuli (including hydrogen  

peroxide). The effects of tyrosine phosphorylation on activity a re  different 

depending  on the conditions under which the  experim ents a re  carried out 

(Denning et al., 1996; G schw endt et al., 1994; Li et al., 1994; Li et al., 1994; 
Soltoff and  Toker, 1995). Which sites  undergo tyrosine phosphorylation in 

PKC 6 is unclear - s ites  in the  N-terminus (Li et al., 1996; Szallasi e t al., 1995)
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but also  the catalytic domain (Konishi et al., 1997) have been  m apped. S o m e  

sites ap p ea r to be constitutively phosphorylated. It is possible that tyrosine 

phosphorylation reflects m ore acu te  or extrem e conditions. The role tyrosine 

phosphorylation plays in regulating PKC 5 or the  other PKCs is unknow n 

(Konishi et al., 1997).

1.13 What is the Role of Phosphorylation?

Phosphorylation is clearly assoc ia ted  with catalytic com petency (activation 
loop site phosphorylation) and  protein stability. However, phosphorylation is 
also crucial for localisation. Kinase activity and su b se q u e n t 

autophosphorylation w as found to be essen tial for cytoplasm ic localisation of 
PKC pil after activation. The ATP-binding site m utant K371R did not 
dissociate from the m em brane (Feng and Hannun, 1998). Phosphorylation 
site m utants T641A and S660A exhibited reduced m em brane dissociation. 
Therefore it will be intriguing to discover which phosphorylation sites a re  
required for either m em brane dissociation or targeting to specific 
com partm ents or trafficking pathw ays and how th e se  even ts correlate with the  
localisation of the specific phosphorylation site kinases.

1.14 PKC dephosphorylation - a role in inactivation

Ju st a s  PKC phosphorylation plays a  role in activation, so  dephosphorylation 
h as been shown to be a  primary event involved in degradation and turnover 
of the enzym e, in particular, PKC a. PKC a  becom es dephosphorylated  in an  
agonist-dependent m anner on prolonged TPA stimulation (Lee e t al., 1996). It 
is unclear what the order or precisely w here dephosphorylation occurs but it 
ap p ears  to occur on a  m em brane (H ansra et al., 1996). D ephosphorylation 
and su b sequen t degradation of PKC a  requires an active kinase since  
expression of PKM (kinase domain of PKC a) induced dephosphorylation of 

PKC a  (H ansra et al submitted). This w as also  shown by using PKC inhibitors 
(e.g. bisindolylmaleimide I) to inhibit PKC activity and  thus 
dephosphorylation. Downregulation of PKC in S.pombe w as shown to c a u se  

a  change in vesicle trafficking which w as linked to PKC activity (Goode et al., 
1995). Therefore active, phosphorylated PKC a  is som ehow  partitioned into 

vesicles which eventually are targeted  to a  com partm ent w here  

dephosphorylation and  su b seq u en t degradation occurs (Liu and Heckm an, 

1998). If vesicle trafficking is inhibited (e.g. experim ents carried out at 18°C), 
TPA-induced PKC a  dephosphorylation is inhibited (reversibly, since shifting 

the tem perature to 37°C results in phosphorylation). More recently, the
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vesicles (thought to be caveolae) and pathw ay taken  for PKC a  degradation  

has been  elucidated (Prevostel et a l subm itted, s e e  Figure 1.5). PKC a  is 

dephosphorylated and is localised in a  perinuclear com partm ent 2h after TPA 

treatm ent and is possibly directed to the p ro teasom e, w here final deg radation  

can occur. It will be interesting to confirm the pathw ay and identify w hen all 

the sites are  dephosphorylated and if certain sites  are  also important for the  

specific localisation of PKC a. For exam ple, T250 site phosphorylation d o e s  
not occur immediately so  this site may not in fact be a  site m onitoring 
activation but may target PKC a  in a  stim ulant-dependent m anner.

1.15 Signalling Pathways involved in the Activation of PKCs

The most extensively defined PKC activators a re  for the classical and  novel 
PKCs, w here activation, a s  visualised by translocation, occurs on DAG an d / 
or calcium stimulation. The initial m echanism  of DAG production w as due to 
agonist induced degradation of inositol lipids (Nishizuka, 1992). However, 
other sou rces of phospholipids can  also be hydrolysed to produce DAG, for 
exam ple, phosphatidylcholine (PC) via PLD (Liscovitch, 1996) (see  Figure 
1.6). Sustained  PKC activation is required for resp o n ses  such  a s  cellular 
proliferation and differentiation (Olivier et al., 1996). W hether the sta te  or 
length of time of PKC activation reflects the cellular resp o n se  is a s  yet 
unclear. Transient activation of MAPK in PC12 cells results in proliferation, 
however, on continuous stimulation, cells differentiate (Marshall, 1995). Initial 
transient production of DAG from PI(4,5)P2 hydrolysis occurs in response  to 
agonist stimulation. The reaction is catalysed by phospholipase  C which is 
activated on stimulation of several horm ones, for exam ple, bradykinin, 
vasopressin, via G protein linked receptors (and Gq a  subunit). Several PLC 
isoforms have been  identified. On PI(4,5)P2 hydrolysis, two seco n d  
m essen g ers  (DAG and inositol-1,4,5-trisphosphate, lns(1,4,5)P3) a re  
produced. lns(1,4,5)P3 then activates calcium store receptors (or calcium  
re lease  activated channels, CRACs (S charenberg  and Kinet, 1998) an d  
calcium mobilisation is stim ulated. Thus sequentially, both cPKC activators 
are induced. DAG is not alw ays produced on agonist stimulation. Som e DAG 
is ubiquitously p resen t due to being an interm ediate in de novo glycerolipid 

synthesis (Hodgkin et al., 1998).

Concentrations of DAG in cells varies. There is a  local production of DAG at 
plasm a, internal or nuclear m em branes (Divecha e t al., 1991). An initial, rapid 

rise in DAG concentration (associated  with predominantly, po lyunsaturated  

DAGs, mainly products of PI(4,5)P2 hydrolysis) is followed by a  slow er
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accum ulation and a  susta ined  phase , lasting an  hour or longer, w here the  

concentrations of m ono-unsaturated  and  saturated  DAGs rise, occurring on 

the dephosphorylation of PLD gen era ted  PA (Pettitt e t al., 1997; Pettitt a n d  

W akelam, 1998). PKCs dem onstrate  an  in vitro p reference for 

polyunsaturated DAG sp ec ie s  (Marignani et al., 1996). Mammalian cells 

contain 50 structurally distinct m olecular spec ies  of sn-1,2-DAG (Pessin  a n d  

Raben, 1989; Pettitt and  W akelam, 1993). How the different sp ec ies  affect 
activity has  only recently been  analysed  in vivo. GFP tagged  PKC pH 
trafficking from the cytosol to the m em brane is a  dynamic p rocess in re sp o n se  
to physiological signals, for exam ple, stimulation of Gq a  subunit (Feng et al., 
1998). Bombesin g en era te s  polyunsaturated DAG transiently in Sw iss 3T3 
cells and briefly activates PKC a , PKC 5 and  PKC e however, a  com bination 
of bom besin and  TGF p resulted in susta ined  accum ulation of 
polyunsaturated DAGs, which supported  a  susta ined  activation of PKC 
(Olivier et al., 1996). In thrombin stim ulated platelets, activation of PKC a  a n d  
PKC pil and PKC £ correlates with a  transient production of PI(4,5)P2-derived 
polyunsaturated DAG (B aldassare e ta l . ,  1992). Interestingly, in porcine aortic 
endothelial (PAE) cells PLD derived DAGs do not ap p ea r to activate PKCs 
(Pettitt et al., 1997). Furtherm ore, a  second  p h ase  of activation from PLD- 
induced DAG w as not mirrored by PKC y m em brane translocation (O ancea et 
al., 1998). Thus, the source of lipid and lipid conformation m ay specifically 
regulate certain signalling pathw ays.

PC may be broken down to give DAG, m ediated by PLD (see  Figure 1.7). PC 
hydrolysis also occurs by a  second  pathway, nam ely via PI.A,. PLA2 is a  
soluble enzym e which transloca tes  to the m em brane on calcium m obilisation 
by bradykinin, histam ine, ATP or thrombin or by EGF or PDGF. PLA2 activity 
results in the formation of free fatty acids and lysophospholipids, particularly, 
arachidonic acid, which a lso  affects PKC activity and m em brane association  
(Blobe et al., 1995; Shirai et al., 1998). Another potential PKC activator is 
phosphatidic acid (PA). This is produced on activation of PLD or by DAG- 
kinase catalysed phosphorylation of DAG to yield PA. The different pathw ays 

generate  two sp ec ies  of PA- m ono-unsaturated  or polysaturated forms. 
Sphingom yelin hydrolysis stim ulated by activation of TNF a  leads to 

ceram ide production (Heller and  Kronke, 1994). C eram ides can  stim ulate 

p h o sp h atases  (Hannun, 1997; Hannun, 1994; Heller and Kronke, 1994) o r a  
specific ser/thr kinase (Kolesnick and  Golde, 1994), or PKCs (Huwiler et al., 

1998; Limatola et al., 1994). PKC 8 and  PKC e w ere found to translocate to 
the cytosol on ceram ide induced apoptosis in HL60 cells (Sawai et al., 1997).
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Fig 1.7
Production of PKC lipid activators



Other w ell-characterised lipids which can  activate PKCs include PI(3,4f5)P3 
(Derman et al., 1997; Nakanishi e t al., 1993; Toker et al., 1994). W hether this 

is by direct interaction of PI(3,4,5)P3 with PKCs or is channelled  through 
another protein is unclear. Phosphatidylinositol 3-kinase (PI3K) w as found to 

m ake a  novel series  of 3-phosphorylated  inositol phospholipids (Traynor- 

Kaplan et al., 1988; W hitman et al., 1988). A num ber of 3-phosphorylated  

inositide lipids w ere found to increase  on growth factor stimulation. T hese  
included PI(3,4,5)P3 and  PI(3,4)P2, even  though PI(3,4)P2 is believed to be a  
breakdow n product of PI(3,4,5)P3 (Hawkins et al., 1992; S tep h en s  et al., 
1993; S tephens e t al., 1991). The PI3Ks are  a  diverse family of lipid k inases 
which share  a  hom ologous catalytic dom ain (V anhaesebroeck  et al., 1997). 
There are  three different c la sse s  which differ in the  m echanism s of regulation. 
C lass 1a a re  heterodim ers with adaptor/regulatory  subunits (p85) bound to 
the catalytic subunit (p110) (Dhand e t al., 1994; Gout et al., 1992; Hiles et al.,
1992). C lass 1a PI3Ks m ediate  insulin receptor tyrosine kinase signalling. 
C lass 1b catalytic subunits a re  activated by binding Py subunits of G proteins 
(S tephens et al., 1997; S toyanov et al., 1995). C lass 2 PI3Ks cannot u se  
PI(4,5)P2 a s  a  substrate  and  a re  resistant to wortmannin (Domin et al., 1996). 
C lass 3 PI3Ks only use  phosphatidylinositol a s  a  substrate . PI(3,4,5)P3 can  
also  affect other receptors. PI(3,4,5)P3 is only m ade w here PI(4,5)P2 exists 
and h a s  been  found to activate and recruit PLC y to  m em branes. PI(3,4,5)P3 
binds directly to the PH dom ain of PLC y (F alasca  e t al., 1998) or indirectly by 
binding to Btk/Tec tyrosine k inases, in B cells (Fluckiger et al., 1998). This 
en ab les  PLC to be in the viscinity of its substrate , PI(4,5)P2. This ad d s  a  
further deg ree  of complexity to the second  m essen g e r production pathways.

There are  several hundreds of different c la s se s  of lipids in every cell. 
PI(3,5)P2 h as  recently been  found in y east (Cooke et al., 1998) a s  a  novel 
lipid. Thus not all potential activators of PKCs have been  identified.

1.16 The Role of the Atypical PKCs

How all th ese  ideas and m odels apply to the atypical PKCs h as  been  unclear. 
Atypical PKCs cannot be m anipulated acutely due  to being unresponsive to 

TPA. However, information from dom inant negative expression  of aPK C s 
su g g es ts  several roles in signalling pathw ays, for exam ple in m itogenic 

signalling (Berra et al., 1993; Dominguez et al., 1992). How our know ledge of 

PKC a  processing can be related to the atypical PKC “life cycle” rem ains to 

be exam ined. Before we can  understand  more about the aPKCs, we need  to 

know more about the ta rge ts  and  upstream  controls of th e se  proteins. Both
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th e se  a sp ec ts  are  tackled in this thesis. The first approach  w as to attem pt to 

define a  generic biological role for the aPK Cs, focusing on PKC by trying to 

c rea te  a  knockout m ouse. The second  approach w as to look more specifically 

and  define immediate up- and  dow nstream  controls regulating PKC £.

3 2



Chapter 2

2.1 Materials

2.1.1 Chemicals and Radiochemicals

National Diagnostics

BDH Laboratory Supplies

Calbiochem  
Pharmacia, Sweden

Amersham International

Schleicher and Schuell 
Premier Brands 
DAKO
Jackson laboratories 
Whatman International 
Gibco BRL

Acrylagel (ultra pure),B isacrylagel 
(ultra pure)

Trichloracetic Acid, ethanol, m ethanol, 

ethanediol, Triton-X-100, Tw een-20 
Microcystin

Glutathione 4B S epharose , Protein A 

and G S ep h aro se  

Radioisotopes, hyperfilm, ECL 
W estern blotting kits, donkey anti­

rabbit IgG and anti-m ouse IgG 
coupled to horseradish  peroxidase, 
rainbow m arkers 
Nitrocellulose m em brane 
Milk pow der (Marvel)

FITC labelled anti-m ouse antibodies 
Cy3 labelled anti-rabbit an tibodies 
P hosphocellu lose P 81 -paper 
1 kB Ladder (DNA)

All reag en ts  used  for cell culture of eukaryotic cells, including m edia, w ere 
obtained from Gibco BRL. Organic solvents w ere purchased  from Heym an Ltd., 
England and  all other chem icals w ere supplied by Sigma-Aldrich C om pany Ltd. 
Restriction enzym es and DNA modifying enzym es w ere obtained from New 
England Biolabs, Prom ega, S tra tagene  or Boehringer.

Kit Systems

Q uiaPrep  Spin Miniprep/Maxiprep Kits 
Cyclist ™ Exo-Pfu DNA Sequencing Kit 
Q uikC hange Site-Directed M utagenesis kit 
in vitro transcription-translation 
BioRad Protein A ssay Kit

Quiagen
Stratagene
Stratagene
Promega
Bio-Rad Laboratories Ltd

33



2.2  Methods

2.2.1 Library Screening

The phage library w as titred to give 5x105 - 1x106 pfu/plate. On a  22x22cm  dish, 
30ml of top ag ar containing 1ml bacteria (NM 538 strain w ere used  and  w ere 

grown from an overnight culture in 0.2%  m altose to an  O D ^  of 0.9 an d  

re su sp en d ed  in 0.01 M M g S 0 4 ready for phage infection) and 1 OOjllI p h ag e  
(EMBL 3A X library) w as plated out and left to grow for 12-16h for d iscrete  p h ag e  
p laques to form. Hybond-N+ m em branes w ere placed carefully on the cooled  
ag ar surface and  allowed to sit for 1min. Orientation m arkers w ere m ade in the  
ag a r using a  need le  dipped in ponceau  red. M em branes w ere then rem oved 
and  placed colony side up on 3x 3MM filter paper soaked  in denaturing solution 
for 5min. The m em brane w as further p laced on filters soaked  in neutralising 
solution for 3min. This w as repeated  again on fresh neutralising solution. 
Afterwards, the m em brane w as w ashed  in 2x SSC  prior to drying. The p ro cess  
w as repeated  to duplicate all lifts. DNA fixation w as carried out by UV 
crosslinking for 1 min at 0 .12J in a  S tra tagene UV Stratalinker.

2.2 .2  Membrane Hybridisation

Pre-hybridisation w as carried out in a  hybridisation oven at 65°C with C hurch 's  
solution. Hybridisation w as carried out with a  labelled probe (see  below) in 10ml 
of fresh C hurch 's reagen t a t 65°C overnight. The filters w ere then w ashed  at 
60°C for 30min with 2xSSC, then 0.1 x SSC  and if n ecessa ry  for a  further 30min 
at 65°C with 0.1x SSC . Filters w ere dried on 3MM paper, w rapped in S a ra n  
w rap and exposed  by autoradiography.

2.2 .3  Random Prime Labelling of a cDNA probe

50-1 OOpg of tem plate DNA w as incubated with 1jig random  prim ers in a  total of 
15pJ. The DNA w as heated  to 95°C for 3 min and  then cooled on ice for 5min. To 
this mix, 3jil of 10x random  prime buffer (900mM H epes (pH6.6), 100mM MgCI2), 
2|il each  of 0.4mM dATP,dCTP,dGTP,dTTP and  5 jllI [y-32P]-dCTP (10mCi/ml) 

w ere added. The reaction w as started  by addition of 1pl klenow (5U/pl) an d  
allowed to run for 1h at 30°C. U nincorporated nucleotides w ere rem oved by 

passing  the sam ple through a  G50 spin column and  the incorporation of 

radioactivity in the probe m easu red  by counting, usually 5-10 x 108 cpm /pg DNA. 
P robes w ere heated  to 95°C for 5min prior to use  to ensu re  denaturation.
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2.2 .4  Southern blotting

DNA w as transferred  onto Hybond-N+ nylon m em branes by first denaturing the 

DNA in the gel by soaking in denaturing buffer (see  “buffers” section) for 30min. 

If fragm ents >10kb are being analysed, depurination is required first and  the gel 

w as placed in 0 .125M HCI for 15min. The gel w as w ashed  in distilled w ater 
before being subm erged  in neutralising buffer and incubated for 30min with 
gentle agitation. The gel w as then transferred for 4-20h in a  capillary blot 

(according to instructions from A m ersham ).

2.2.5  Double-Stranded DNA Sequencing

Sequencing of double-stranded  plasm id DNA w as carried out using the  Cyclist 
Exo-Pfu DNA S equencing  kit from S tra tagene  according to the m anufacturer's  
instructions. The sequencing  reaction w as sep a ra ted  on an 8% polyacrylam ide 
gel that w as run for 1.5-2h at 80 W. The gel w as dried down and exposed  for 
15h at room tem perature.

Sequencing w as also  carried out on the ABI fluorescence sequencing  m ach ines 
(ICRF central services).

2.2.6  Phage DNA purification

P hage p laques w ere grown in 50ml LB (Luria-Bertani) medium with 10mM 
M gS 04 overnight. Chloroform (300pl) w as added  and the culture incubated for a  
further 5min before centrifugation at 2500rpm  for 20min at 25°C. To the 
supernatant, 50pl DNAse and  RNAse (10mg/ml stock) w ere ad ded  an d  
incubated for 30min at room tem perature. After centrifugation (16000rpm, 2h), 

the pellet w as resu spended  in 0.1 M TRIS pH8.0 and 0.3M NaCI and trea ted  with 
pro teinase K. Protein w as rem oved by phenol-chloroform extraction and  p h ag e  
DNA w as extracted from the  lower layer by ethanol precipitation.

2.2 .7  Molecular Biology

G eneral restriction digests, ethanol precipitations, phenol-chloroform extractions, 

and  gel e lectrophoresis (using TAE in the running buffers) w ere carried out by 
standard  protocols from the enzym e m anufacturers (NEB or Prom ega) or a s
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described in Maniatis. DNA purification w as carried out on a  small sca le  by mini 

p reps (DNA w as transform ed into E.Coli by electroporation and  single co lon ies 

inoculated into m edia - standard  Maniatis procedures) either by the alkaline lysis 
protocol or quiagen miniprep m achine. Larger sca le  preparations w ere carried  

out using either the Q uiagen m axiprep spin column kit or by double banding on 

a  CsCI gradient. For large sca le  preparation of plasm id DNA used  to transfect 

fibroblast cells the CsCI m ethod w as used. Two CsCI gradients w ere em ployed  

to guarantee an O .D .26o/O.D.28o ratio of 1.8 to 1.9 for the resulting DNA. This w as 
crucial for reproducible transfection results.

2.2 .8  Cloning

D epending upon the strategy required, inserts w ere cloned into new vectors in 
various m anners. Blunt ending w as carried out by either filling in (T4 DNA 
polym erase) or digesting DNA with Mung bean  nuclease. Incubation with 2U T4 
DNA polym erase w as carried out at 37°C for 30min with deoxynucleoside  
triphosphates, dNTPs (2mM each). Mung bean  digestion w as carried out at 1U 
(to digest 1jig DNA) for 20 min a t 30°C with the standard  buffer supplied with the 
enzym e. If a  single restriction enzym e w as used to cut the DNA or on doub le  
blunt-ended ligation, the vector w as treated  with alkaline p h o sp h atase  to reduce  
self-ligation. 1U p h o sp h ata se  w as incubated with 10-20pg restriction d ig ested  
DNA for 10 min at 37°C. DNA w as purified from gels by using the Q uiagen gel 
extraction kit and  used  in ligations of 1Opl with 1 U DNA ligase a t 15°C overnight. 
DNA w as transform ed into electrocom petent bacteria using a  Biorad 
electroporator. Electrocom petent bacteria (40 pi) w ere thaw ed on ice, ad d ed  to 
0 .1-1pg DNA (or 1pl ligation reaction) and  incubated on ice for a  few m inutes 
before electroporation in a  1mm cuvette, carried out at a  pulse of 1.65kV an d  
25m F capacitance. SOC m edia (1ml) w as then ad ded  to the mix and incubated  
at 37°C for 1h before plating out various volum es on appropriate antibiotic 
containing LB plates, which w ere incubated overnight at 37°C.

For certain vectors, blue /white selection w as possible and  transform ed bacteria  
w ere plated out on plates containing 100nM IPTG and 2% X-Gal. Bacteria with 
inserts give rise to white colonies.

2.2 .9  Polymerase Chain Reaction (PCR)

A standard  PCR reaction mix w as used, namely



100pm oles of each  primer; 4 dNTPs all at a  concentration of 1.25mM; tem plate  

DNA up to 1jig (if using genom ic DNA); PCR 10x amplification buffer and  w ater 

to m ake up specific total volum es. The polym erases Vent (no additional MgCI2 

required) or Taq w ere used .

RT-PCR w as carried out on various cDNA libraries (kindly given by Dr D 
Sim mons, ICRF, Oxford) using prim ers described in C hapter 3. Primer an n ea lin g  

w as at 54°C. A standard  PCR protocol w as used  but annealing tem p era tu res  
and extension tim es varied according to the prim ers and  tem plate used.

2 .2 .1 0  M u ta g e n e s i s

Various m utations w ere introduced at the phosphorylation sites of PKC £. 
Mutations to the cDNA w ere carried out using the PCR b ased  Q uikC hange 
m utagenesis kit. The prim ers w ere designed  to introduce silent m utations n e a r 
the site of m utagenesis to include a  new, unique restriction site. This would 
enable easy  screening of the m utants in com parison to the wild type enzym e.
The following oligos w ere used:-(forward and reverse primers)

T410 E mutant:- GGCGACACAACAAGCGAATTCTGTGGAACCCCG
CGGGGTTCCACAGAATTCGCTTGTTGTGTCGCC

(Introduced EcoRI site)

T560 E mutant:- GAGCCCGTACAGCTCGAGCCAGATGATGAGGAC
GTCCTCATCATCTGGCTCGAGCTGTACGGGCTC

(Introduced Xho I site)

T560 A mutant:- GAGCCCGTACAGCTGGCGCCAGATGATGAGGA
GTCCTCATCATCTGGCGCCAGCTGTACGGGCTC

(Introduced Nar I site)

The m utants were m ade using wild-type PKC £ in pcDNA3. The m utations w ere  
seq u en ced  and then regions cloned into m yc-tagged PKC £ using convenien t 
restriction sites.

|
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2.2.11 In vitro transcription-translation

1jig of p seu d o g e n e  DNA or vector w ere transcribed  in vitro and  tran sla ted  in 

rabbit reticulocyte ly sa tes  (kit from Prom ega) according to the m anufactu rers  

instructions. Incubations w ere carried out at 30°C for 120min in the p re sen c e  of 

35S m ethionine.

2 .2 .12  In vivo transfection of COS and 293 cells

C O S 7 cells or HEK 2 9 3 s  w ere m aintained in DMEM, su p p lem en ted  with 10 % 

FCS in 10% C 0 2 humidified air a t 37°C. For transfection, cells w ere split to 1x105 
cells/ml, s e e d e d  in a  10cm plate, the  day  before transfection an d  th en  

transfected  with b e tw een  1 and  10pg DNA by the calcium  p h o sp h ate  m ethod  

(standard  protocol in Maniatis). T ransfected  cells w ere  p laced  at 5%  C 0 2 
overnight to en co u rag e  a  precipitate to form, before changing  the m edia the  
following day and  switching to 10% C 0 2. Proteins w ere allow ed to ex p re ss  for 
24-48h, depending  upon which construct w as transfected , before harvesting.

2.2 .13  Immunoprecipitation

Cells w ere gently w ash ed  in cold PBS before scraping cells (whilst on ice) into 
(1ml for 10cm d ishes) harvesting buffer (se e  “buffers” section). S am p les  w ere  
dounce hom ogen ised  an d  then  left on ice for 10min. S am p le s  w ere centrifuged  
at 9000 rpm, 4°C for 10min. The su p ernatan t w as then pre-cleared  by incubation 
with protein A S e p h a ro se  (for 15min at 4°C) and  centrifuged. The su p e rn a tan t 
w as ad d ed  to 100pl of a  50%  slurry of either protein A or G S e p h a ro se . T he 
S ep h a ro se  b e ad s  w ere  pre-incubated  with an ti-sera  (1:10 dilution) for 45 min, 
4°C and  then unbound  antibody rem oved by centrifugation and  w ashing with 
lysis buffer. Protein binding w as allowed to occur for 1h at 4°C with rocking. 
B eads w ere collected  by centrifugation and  w ash ed  th ree  tim es in lysis buffer. 

S am ple buffer w as  a d d ed  to the  b ead s  directly (lOOpI) if the  sam ple  w as to b e  

analysed  directly by SD S-PA G E electrophoresis. If protein w as to be a n a ly se d  

on the b ead s , 50%  ethy lene glycol w as a d d ed  and  protein sto red  a t -20°C. If 

required, protein could be elu ted  from b e ad s  using a  su itab le peptide. For the  

9E10 peptide, m ad e  by the  Pep tide S yn thesis  Lab, ICRF, 10(ig/ml w as u sed , 

eluting protein in two b a tches, to en su re  elution of at leas t 75%  of protein bou n d  

to beads.
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If the protein w as to be u sed  for PDK kinase a ssay s , the  b ead s  w ere w ashed  in 
and  eluted with kinase buffer (see  “buffers” section - the buffer contains no 

Triton-X-100).

2 .2 .1 4 35S-methionine labelling

Cells w ere transfected with various constructs and allowed to ex p ress  for 24h  

(as above) before w ashing with m edia and being placed in m ethionine-free 
m edia (no FCS) for 1h. Cells w ere then placed in fresh m ethionine-free m ed ia  
containing 5% FCS and 100pCi/ml 35S methionine. D ishes w ere harvested  after 
a  further 24h and immunoprecipitation carried out a s  above.

2 .2 .1 5 Total lysates

W hole cell extracts for W estern analysis w ere w ashed  in PBS at 4°C a n d  
sam ples w ere scraped  into either directly into sam ple buffer (400pl for a  10cm  
dish) or harvesting buffer (sam ple buffer w as added  before SDS-PAGE analysis) 
and  then sonicated (three bursts at a  power setting of 20 microns).

2.2 .16  Polyacrylamide Gel Electrophoresis (PAGE)

Proteins w ere sep ara ted  according to m olecular weight by sodium  dodecyl 
sulphate-polyacrylam ide gel e lectrophoresis (SDS-PAGE), essentially  a s  
described by Laemmli, using Hoeffer Sturdier gel apparatus. To analyse  PKC £, 
10% acrylam ide running gels and  6%  stacker gels w ere prepared. To o b serv e  
sm aller proteins, such a s  GST tagged  Vo domain, 15% running gels w ere used . 
Denaturing 4 x concentrated sam ple buffer (4 x SB with 2M urea) w as added  to 
the protein sam ples (1-fold final concentration) before they w ere heated  at 50°C  
for 10 min and then sep ara ted  on a  polyacrylam ide gel. Rainbow M arkers (from 
Am ersham ) w ere run in parallel a s  m olecular weight s tandards. After 
e lectrophoresis the gels w ere further p ro cessed  either by W estern blotting or 

stained with C oom assie  Brilliant Blue or dried down (for 35S-m ethionine 
labelling and  ffiP incorporation) and  autorad iographed  at -70°C with a  doub le  
intensifying screen .
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2 .2 .1 7 Western Blotting

Proteins w ere subjected  to SDS-PAGE and then immobilised on nitrocellulose 

m em brane (or PVDF) according to the semi-dry m ethod recom m ended by 

Jan co s  for JC  Semi-dry Electroblotters. The m em branes w ere then incubated for 
1h at room tem perature or at least 12h at 4°C in PBS containing 5% (w/v) 

skim m ed milk and  0.1%  (v/v) Tw een-20 or with TBS (1% BSA an d  
0.1% (v/v)Tween-20) if phospho-specific antibodies a re  used , to block n o n ­
specific protein binding sites. The primary antibody or antiserum  recognising the  

protein of interest w as diluted 1:500 - 1:3000 (as described in later chapters) and  
incubated with the m em brane for 1h at room tem perature or overnight a t 4°C. 
After 4 w ash es  of a t least 10min in PBS (or TBS) supplem ented  with 0.1%  
Tween-20, a  secondary  antibody (coupled to horseradish  peroxidase) w as  
applied in a  1:5000 dilution for 45 to 60min. The m em branes w ere w ash ed  in 
PBS a s  described  above and the signal w as developed using the e n h a n c e d  
chem ilum inescence, ECL detection solution according to the m anufacturer's  
instructions (Amersham).

2.2 .18  Coomassie Staining and Destaining of SDS-PAGE Gels

G els w ere incubated for 15 min in Coom assie-Brilliant Blue Buffer (0.1% w/v 
C oom assie  Brilliant Blue, 10% acetic acid, 50%  m ethanol) and background  
staining rem oved by several w ash es  in D estain Buffer (10% acetic acid, 50%  
m ethanol) over a  period of 12h to 16h. The gels w ere then dried under vacuum  
on a  gel dryer a t 80°C for 1 h.

2.2 .19  Antisera production

A carboxy terminal peptide corresponding to the new C-term inus of the  
p seudogene  LLWTRL w as syn thesised  by the Peptide Synthesis lab, ICRF. T he 
peptide w as coupled to keyhole limpet hem ocyanin with glutaraldehyde (M arais 
and  Parker, 1989) and used  to immunise rabbits.

2 .2 .20 Immunofluorescence

Cells w ere plated and transfected  on acid-w ashed coverslips. For 293 cells, 
coverslips w ere coated  in 0.3mg/ml collagen solution. Coverslips w ere then  

w ashed  in PBS before fixing the cells with 4% paraform aldehyde, for 15min (an 

additional 20s m ethanol treatm ent w as carried out w hen studying m icrotubules).
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C overslips w ere gently w ash ed  in PBS betw een  each  step . Cells ex p ress in g  

g reen  fluorescent protein, G FP-fusion proteins w ere not p ro c e ssed  further an d  

w ere m ounted on slides at this s tag e . For o ther proteins, cells w ere next 

perm eabilised  in 0.2%  Triton-X-100 for 5min, q u en ch ed  in 1 mg/ml sodium  

borohydride/PB S 10min and  then  blocked in 1% BSA/PBS before incubating 
coverslips for 1h with a  prim ary antibody, usually diluted 1:500 in 1% BSA /PBS. 

The fluorescein isothiocyanate, FITC or cy3 coupled seco n d ary  antibody (1:200) 
w as incubated for a  further hour. Actin w as s tained  with phalloidin a t 0.1pg/m l for 

the  last 20min of incubation. C overslips w ere m ounted in Mowiol an d  im ag es 

view ed by fluorescence or confocal m icroscopy.

2.2.21 Kinase Assays

PKC £ w as a ssa y e d  for activity a s  follows. A 40 |il a s s a y  mix w as p rep a red  
containing 40mM MgCI2, 20mM TRIS pH7.5, 1 mg/ml PKC £ p seu d o su b stra te  
peptide or MBP (dissolved in 0.2M H epes and  2mM EGTA), 10mg/ml m ixed 
brain lipids (dried down under nitrogen and  son ica ted  in 20mM TRIS pH 7.5) 
and  1mM ATP, with 1|iCi [y-32P]-ATP per reaction. If n ecessa ry  PKC £ w as diluted 
into enzym e dilution buffer (20mM TRIS pH7.5, 2mM EGTA, 0.02%  Triton-X-100, 
0.2mM DTT) a t 4°C directly before the a ssay . R eactions w ere  carried out a t 30°C 
for 5-10 min and  stopped  by spotting the reaction onto W hatm an p81 p ap e r an d  
placing in 30%  acetic  acid. T he filters w ere  w ash ed  3x 10min in acetic  acid an d  
then  C herenkov radiation counted .

2.2 .22  PDK kinase assays

In vitro G ST-tagged PDK w as incubated with PKC £ for varying tim es (see  figure 
legends). PDK kinase a s s a y s  w ere carried out in the p re sen ce  of lipids, a s  
described  in (Alessi et al., 1997). Purified PDK w as ob tained  from D. A lessi 
(Alessi et al., 1997) and  baculoviral PKC £ from laboratory stocks purified by P. 

Parker, a s  described  previously, (S tabel e t al., 1991).

2 .2 .23  Bacterial protein expression

pRSET (HIS tagged) or pGEX vectors w ere u sed  to ex p re ss  various PKC £ 

constructs. Expression w as induced in BL21 pLys bacteria  under different 

conditions. Cells w ere grown to an  OD60o of 0.8 a t 37°C an d  then  induced with
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100|iM IPTG. Cultures w ere grown at 30°C or 25°C (for full length protein) for a  

further 3-5h.

2 .2 .24  Isolation of HIS/GST tagged proteins

GST tag g ed  proteins w ere isolated according to m anufacturers protocols. For 
HIS tag g ed  proteins, cells w ere pelleted (3000rpm, 10min) and  then  
resu sp en d ed  in sonication buffer (15ml for 400ml culture.) For full length 

constructs, lysozyme (1 mg/ml) w as also  added. S am ples w ere sonicated  on ice 
for 4x 3 0s and  then centrifuged at 15000 rpm, 4°C for 20min. To the supernatan t, 

0.5ml of a  50%  slurry of Ni-NTA resin w as added  and  incubated (with rocking) 
for 1h at 4°C. The b ead s  w ere centrifuged (1000rpm, 2min) and  w ashed  th ree  
tim es with HIS w ashing buffer. Proteins w ere eluted with 200mM imidazole an d  
proteins stored  a t -20°C with 50%  ethanediol.



2.3 Buffers

TAE 50x 2M Tris-acetate, 0.05M EDTA (pH 8.0)
TBE 10x 90 mM Tris, 90 mM boric acid, 20 mM EDTA (pH 8.0)
20x SSC 3M NaCI, 0.3M sodium citrate

Denaturing solution
1.5M NaCI, 0.5M NaOH

Neutralising Solution
1.5M NaCI, 0.5M Tris-HCI(pH 7.2), 0.001 M EDTA

Church's Solution
0.5M sodium phosphate  (pH 7.2), 7% SDS, 1mM 
EDTA (pH8.0)

P B S  8 g/l NaCI, 0.25 g/l KCI, 1.43 g/l Na2H P 0 4, 0.25 g/l

KH2P 0 4

TBS saline solution, 10mM TRIS pH 7.5

Alkaline Lysis buffers (minipreps)
Solution I 50mM glucose, 25mM Tris HCI(pH8.0),10mM EDTA
Solution II 0.2M NaOH, 1% SDS
Solution III 5M potassium  aceta te , 11.5%  (v/v) glacial acetic acid

Harvesting (Lysis) buffer
1%(v/v)Triton-X-100, 20mM Tris/HCI (pH 7.5), 50pg/ml 
leupeptin, 50pg/ml aprotinin, 1mM dithiothreitol,
0.1 mM phenylmethyl sulfonylfluoride

Running Buffer 10x
250 mM Tris, 192 mM glycine, 0.1%  SDS

4 x Sample Buffer
250 mM Tris-HCI pH 6.8, 8% w/v SDS, 20%  v/v 

glycerol, 0.1 M DTT, 0.001%  brom ophenolblue, 2M 
u rea

Semi-dry transfer buffers
Anode I 300 mM Tris-HCI (pH 8.0), 20% m ethanol
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Anode II 25 mM Tris-HCI (pH 8.0), 20%methanol

Cathode 

Kinase buffer

Sonication buffer

HIS washing buffer

Cell Lines
C O S-7

HEK 293

25 mM Tris-HCI (pH 8.0), 40 mM 6-amino-n- 

hexanoic acid, 20%  m ethanol

50mM TRIS pH 7.5, 0.1 mM EGTA, 0.1% p- 
m ercaptoethanol, 0.02%  Brij 35, 50nM calyculin, 
50|ig/m l leupeptin/ aprotinin

50mM sodium phosphate  (pH 8), 300mM NaCI, 3mM 
p-m ercaptoethanol, 5mM benzam idine, 100|ig/ml 
leupeptin/ aprotinin

50mM sodium phosphate  (pH 6), 300 mM NaCI, 10% 
glycerol, 3mM p-m ercaptoethanol, 5mM imidazole

African G reen Monkey Kidney Cells transform ed with 
SV 40
Human embryonic kidney cell line
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2 .4  DNA C o n s tr u c t s
Table 2.1
PKC £ and PKC i DNA constructs generated during the course of this thesis

Construct Vector Tag Cloning details/ insert size
PKC £ 
PKC £

pcDNA3 Xba fragm ent (1.8kb)
pEFIink Myc 5 ’ Nco site inserted into Xba site

(oligo) - Nco/Xba (1.8kb)
kinase dom ain 
regulatory dom ain

pEFIink
pEFIink

Myc
Myc

REG A PS S pEFIink Myc

Vo (1-99) pEFIink Myc

Vo + PS S  (1 -1 3 5 ) pEFIink Myc

PKC £ A119E pEFIink Myc

PKC C A PSS pEFIink Myc
T410E pEFIink Myc

T410A pEFIink Myc

EE (T410E/T560E) 
T560E

pEFIink
pEFIink

Myc
Myc

T560A 
PKC £

pcDNA3
pRSET His

kinase dom ain pRSET His

PKC £ pGEX GST

kinase dom ain pGEX GST

Vo pGEX GST

Vo + PS S pGEX GST

REG
PKC i REG

pEG FP-C2
pEFIink

GFP
Myc

PKC i pEFIink Myc

Cla/Xba (1.1 kb)
Nco/CIa from myc PKC £ (0.7kb) 
Cla/Xba from PKC £ A P S S  
blunt/re ligate
Sph/X ba from myc PKC £ - blunt/ 
religate (0.32kb)
Eco47lll /Xba from myc PKC £ - 
blunt/ religate (0.41 kb)
Not/Xba into myc PKC £
Not/Xba into myc PKC £
Nco/Bam from pcDNA3 m utant into 
myc PKC £
Nco/Bam from non-tagged m utant 
into myc PKC £
Cla/Bam T410E into T560E 
Bam/Xba from pcDNA3 m utant into 
myc PKC £

PKC £ - Xba (blunt) -Bgl II. Vector -
BamHI (blunt) - Bgl II
then ... Xba (blunt)/ Not
Vector +PKC C REG - Nco (blunt)/
Not
Cla (blunt) /EcoRI from His PKC £
/vector - BamHI (blunt)/ EcoRI
Clone PKC £ into SL301 (Nco/Xba)
pGEX - Nco/ Xho
Cla (blunt) /Xba
pGEX - Sal (blunt)//Hind III
Sph (blunt)/Nco
pG EX -H ind III (blunt)/N co
Eco47 III/ Nco
pGEX - Hind III (blunt) /Nco
Sac/Acc (0.61 kb)
Introduce 5 ’ Nco site - oligo - Nco 
fragm ent (0.6kb)
PfIM I/  Xba into PKC i REG (2.1 kb)
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Table 2.2
Pseudogene constructs (from genomic Clone 3)

Construct Vector Tag Cloning details/  insert size
NX bluescript PKC £ *¥ 1 - Not/Xba (1.8kb)
SX bluescript PKC C 'F I - Sal/Xba (5kb)

X7 bluescript PKC £ ¥  I - 3 ’untranslated  region - Xba 

(7kb)
SX pcDNA3 PKC 5 'F I - Xho/Sal - Xba (5kb)
SX del bluescript Sal/N he - rem ove 2.5kb 5 ’ un translated  

region/ blunt- religate
SX A pcDNA3 SX del - Kpn/Xba (2kb)

¥ pEFIink Myc Not/Xba into myc PKC £

Table 2.3
DNA constructs obtained from other sources

Construct Vector Tag Received from
PKC C A 1 1 6 -1 2 2 pco2 D. S ch o en w asse r (PP lab)
PKC C A119E pco2 D. S ch o en w asse r
PK C  i pcDNA3 P. G arcia-Param io (PP lab)
T 4 1 0 A (G arcia-Param io e t al., 1998)
PKC £ pEG FP-C3 GFP Dr P Seechiero
PKC ? A 1 1 6 -1 2 2 pEG FP-C3 GFP
C d c 2 D N pCMV Prof. E Nigg
C yclin  B2 m u ta n t pCMV
PD K pEF link Myc Dr D Alessi
PDK (5 1 -556) pEF link Myc
PDK (5 1 -4 0 4 ) pEF link Myc
PDK (1 -450) pEF link Myc

I
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Table 2.4
Cloning and Expression Vectors

V e c to r S o u rc e

pE F  link R.Treism an (mammalian expression vector)

pG E X -K G P P  lab
p cD N A 3 Invitrogen (m am m alian expression  vector)

p E G F P Clontech (m am m alian expression  vector)

pR S E T  B Invitrogen

b lu e s c r ip t S tra tag en e
SL301 s u p e r l in k e r Invitrogen



Chapter 3

3.1 Introduction

As described  in the  first chapter, our understanding  of classical and  novel 

PKC function h as  arisen  mainly due to the  ability to directly activate th e se  

PKCs experim entally with phorbol esters. For the aPK Cs, such  tools a re  not 

available. Therefore, to a d d re ss  the  issue  of the biological role of the  aPK C s, 

primarily focusing on PKC one first approach  w as to c rea te  a  knockout 
m ouse. The recent ability to inactivate specific g e n e s  in mice h a s  greatly  

en h an ced  our understanding  of m olecular, cellular and  behavioural a sp e c ts  

of normal and  d ise a se  p ro c e sse s  (Rajewsky et al., 1996). M ouse knockout 

m odels can  provide great insights into the role of specific proteins or add  to 
the  complexity of our understand ing  of genetic determ ination and  g e n e  

redundancy. A knockout m ay give insights into the potential ou tputs or 

functionality of PKC £ and therefore permit elucidation of the m olecular inputs 
or dow nstream  effectors.

The PKC family is an expanding group of isoforms. Most of the isoform s w ere  

isolated on screening  cDNA libraries from the central nervous system . S o m e  
c lones w ere initially isolated a s  partial cDNA fragm ents, for exam ple, PKC 

Not so  m any PKC loci have been  isolated at the genom ic level and there  is 
little information on the intron-exon boundaries of PKCs. The prime p u rp o se  
of attem pting to isolate genom ic clones is to elucidate evolutionary origins of 

a  gene, understand  dom ain and  g en e  organisation and create  transgen ic  or 
knockout mice.

The strategy for creating a  knockout construct w as to disrupt the  open read ing  
fram e of PKC £ by disrupting the  first exon. The su c c e ss  in screen ing  and  th e  

c lones isolated a re  d iscu ssed  in this chapter.

3 .2  Screening a Genomic Library

In attem pting to c rea te  a  knockout m ouse, the  strategy w as to undertake a 

relatively stringent library sc reen  with a  5' fragm ent of PKC £ a s  a  probe, 
hoping to bind m ost strongly to the  5' end of genom ic PKC A m o u se  

genom ic X gt 10 phage library (the m aster library w as plated out in th e  

M olecular Analysis of M amm alian M utations laboratory, ICRF) w as sc re e n e d  

with a  300 bp N-terminal fragm ent of PKC £ cDNA, which w as random  prim e 
labelled with [y-32P]-dCTP. T hree strongly hybridising c lones w ere iso la ted  
after primary screening (Figure 3.1).
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Fig 3.1
Primary screen - three genomic clones were isolated
Four filters were screened, each containing around 1x106 clones. Duplicating colonies which 
hybridised with the probe were isolated (other spots represent a previous screening of the 
library). Filters on the left hand side represent primary lifts and duplicate lifts are on the right. 
Three clones were isolated:-A. Clone 1, B. Clone 2, C. Clone 3.
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3.3  Characterisation of the Genomic Clones

The th ree genom ic c lones w ere purified by a  further two rounds of re-plating 

and screening. The library w as constructed by Sal I digestion and  around  

13kb fragm ents inserted into vector arm s of the XEMBL3 phage. P h ag e  DNA 
from the  th ree c lones w as isolated (see  m aterials and  m ethods) and  then  
analysed  by restriction d igests and Southern blotting (Figure 3.2). The p h a g e  

DNA w as d igested  with several (less frequently cutting) enzym es an d  
com binations of enzym es. D igests w ere also carried out with un ique  

enzym es, specifically cutting PKC £ at the beginning of the ORF. The h o p e  
w as to find the 5' end of coding region of PKC £ and intron seq u en ce .

The three clones looked identical by restriction analysis and  S o u th ern  

blotting and one clone, clone 3 (various fragm ents w ere subcloned  into 
bluescript to m ake DNA preparations easier), w as analysed  further. C lone 3 
contained an insert of around 13kb. From this analysis, a  restriction m ap w as  

constructed  (Figure 3.3). Re-probing the Southern blot with a  different, m ore 
specific region of PKC £ (N-terminal 300bp) helped clarify the  position of 
certain restriction fragm ents (see  Figure 3.2D).

The location of certain unique restriction sites (Not I, Xho I, P st I) in th e  know n 
ORF restriction m ap su g g es ted  that the entire reading fram e of PKC £ h ad  
been  isolated. The strongly hybridising region (SX, a  bluescript construct) of 
Clone 3 w as analysed  further by sequencing. Primers w ere designed  (200bp  
apart and som e in reverse  orientations to duplicate seq u en ce) through the  
entire ORF of murine PKC

S equencing  show ed the isolated clone to contain an open reading fram e of 
1.8kb and to be alm ost identical to the  known murine PKC £ cDNA (Figure 

3.4). A few b ase  pair ch an g es  occur throughout the seq u en ce , translating into 
only a  few ch an g es  on the am ino acid level (Table 3.1). The deleted  C- 

terminal region results in a  fram e shift at the protein level in the  3 ’ 

untranslated region. A few hundred nucleotides at both 5 ’ and 3 ’ en d s  of the  
g en e  w ere seq u en ced . The 3 ’ end  is practically identical (there a re  a  few 

b a se  pair changes) to that of murine untranslated  cDNA PKC £ (i.e. th e  

mRNA) and ends with an AATAAA seq u en ce  and further dow nstream , a  
poly (A) stretch.

The sequencing  dem onstrated  that an intronless gene  had been  isolated, 
which could potentially be  described  a s  a  p seudogene .
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Fig 3.2
Southern blots
All three clones were digested with various enzymes. Southern blots were screened with a labelled 
cDNA probe to full length PKC £ (marker sizes given in base pairs).
A. Clone 1, B Clone 2, C. Clone 3, D. Clone 3 (probed with a 300bp N-terminal region of PKC £ )

The lanes were cut with the following enzymes:- I.Sal, 2.Xho, 3. Xba, 4. Pst, 5. Not, 6. Sal/Xho, 
7.Sal/Xho, 8. Sal/Pst, 9.Sal/Not, 10. Pst/Not, 11. Xho/Not, 12. Xba/Not, 13. Xho/Xba, 14. Xho/Pst, 
15. Xba/Pst, 16. Sal/Xho/Xba, 17. Sal/Pst//Xho, 18. Sal/Pst/Xba
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Fig 3.3
Restriction Map of Clone 3
From the size of the restriction products and analysis of double digests, the following map was 
constructed (Fig 3.3A). The restriction map of PKC £ is shown below (Fig 3.3B).
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ggc ege g tc c g t c tg aag geg cac ta c ggc ggg gac a te c tg a t t acc age g tg g a t gee
G R V R L K A H Y G G D I L I T S V D A
a tg aca aca t t c aag gac e tc t g t gag gaa g tg cga gac a tg t g t ggc c tg cac cag cag
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▲
Base pair changes } | |  new C-terminus

Amino acid changes deletion

Predicted start site

Fig 3.4
Sequence of Clone 3
The sequence was nearly identical to that of PKC £ and the differences in the ORF region are 
highlighted.



Table 3.1
A summary of the Differences between Clone 3 and murine PKC C,

P ro p e r t ie s G enom ic  d o n e  3

ORF 1.8kb ORF nearly identical to known murine cDNA
intronless g en e

m utations 17bp ch an g es

7 ch an g es  a t the am ino acid level

deletion 40bp C-terminal deletion (switching ORF to give a

new  4 am ino acid C-term inus)

3 .4  Pseudogenes

P se u d o g e n e s  closely resem ble  known g en es  but tend  to be m utated to 
render them  transcriptionally or translationally silent. They usually have  
multiple m utations, deletions, fram eshifts or prem ature stop codons in their 
seq u e n c e . P ro cessed  p seu d o g e n e s  (or retroposons) a re  s e q u e n c e s  which 
a re  reverse  transcribed cop ies of p ro cessed  mRNAs which have b eco m e 
integrated  into the genom e (possibly in a  m echanism  similar to that of LINE 

tran sp o so n s  (Tchenio et al., 1993). The basic  characteristics of a  p ro c e ssed  
p seu d o g e n e  are:- they a re  in tronless (they a p p ea r like m ature mRNA); they 
rep resen t a  full length copy of the  p ro cessed  transcript from the  functional 
gene; they contain a  3' poly(A) tail and  are  flanked by target site duplications 
(direct repeats) at both ends. P se u d o g e n e s  exist in m any g en e  families. The 
role of th e se  inactive evolutionary "dead end" g en es  is unknown. However, in 
hum an im m une resp o n ses, p seu d o g e n e s  play a  role in increasing genetic  

diversity, w hereby p seu d o g en e  seg m en ts  can be donated  to functional 

g en es , possibly by a  som atic g en e  conversion m echanism  (V argas et al., 
1998). P ro cessed  p seu d o g en es  a re  usually inactive (even if they contain an  
intact ORF) due to lacking active prom oters (Adra et al., 1988). H ow ever, 
active p ro cessed  p seu d o g en es  (or functional retroposons) have  b e en  

isolated  in hum an and m ouse g en es , for exam ple, phosphog lycera te  k inase  
2 (PGK2 (Boer et al., 1987; G eb ara  and  McCarrey, 1992). G en es  a lso  exist 

which a re  intronless, for exam ple the  SRY protein is en co d ed  by a  sing le  

exon (Behlke e t al., 1993). Functional re troposons for ano ther m em ber of the  
AGC kinase superfamily, PKA, h a s  b een  isolated (Reinton et al., 1998). PKA 
h as  two subunits, catalytic and  regulatory, which a re  en co d ed  by se p a ra te  
g e n e s  and further, each  subunit h a s  (a-y) isoforms. The g e n es  a re  located on 

se p a ra te  chrom osom es. PKA-C y subunit is uniquely ex p re ssed  in the  testis 
and  the  g en e  encoding this protein w as isolated at the  genom ic level. H um an
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genom ic PKA-C y is an  intronless g en e  which is colinear with C a  mRNA an d  
h a s  rem nan ts  of a  poly(A) tail and is flanked by direct repeats. The role of 

p se u d o g e n e s  is unclear. Som e p seu d o g en es  are  translated . O ne su g g es te d  

role for the  ex istence  of functional re troposons is that if a  g en e  is e x p re ssed  
specifically in the  testis, to overcom e transcriptional inactivation during 

sp erm ato g en esis , a  second  copy of the g ene  is found on an au tosom e. This 
h a s  b een  described  for testis specific hum an phosphoglycera te  k inase  

(M cCarrey and  T hom as, 1987).

To determ ine if the  PKC £ genom ic clone 3 is a  p seu d o g en e , two o ther 
o bservations w ere useful. Firstly, ano ther genom ic PKC £ clone had b e e n  

isolated  (on screen ing  with a  full length cDNA probe) and this g e n e  contained 
introns (personal com m unication from Silvia S tabel in Cologne). Secondly, a  
report w as published describing ano ther PKC £ p seu d o g en e , ^ P K C ^  
(A ndrea and  W alsh, 1995). This p seu d o g en e  is not the sam e  a s  the  o n e  

isolated  here. 'FPKC £ w as isolated after screening  a  rat brain cDNA 
expression  library using a  polyclonal antibody to the  C-term inal region of 
PKC £ (GFEYINPLLLSAEESV). The p seu d o g en e  w as 2661 bp long an d  
contained  a  different V1 region to PKC V 1\ which is identical to the  original 
short seq u e n c e  isolated by O no and colleagues (Ono et al., 1988). 'FPKC £ is 

transcribed  but is reported not to be translated  since it d o es  not have  a  
m ethionine start codon at the beginning of the seq u en ce . Together, th e se  
o bservations su g g es ted  that PKC £ p seu d o g en es  do exist and  the  au then tic  

g en e  con tains introns.

If Clone 3 is a  p seudogene , deno ted  PKC £ I here, which is su g g es te d  by 

the  3 ’ poly(A) tail (a sign that the p ro cessed  mRNA of PKC £ b e ca m e  

integrated into the genom e), then  the ag e  of d ivergence and  transposition  
can  be  calculated. B ased  on the  “neutral theory of evolution” (Kimura, 1983), 

th e  evolutionary tim e tha t h a s  e lap sed  since the  divergence of a  p s e u d o g e n e  

from the  original g en e  can  be estim ated. The assum ption is that after 
silencing, the rate of mutation of the p seu d o g en e  is c lose  to tha t of 

sp o n tan eo u s  mutation, which is 3.7 x 10'9 substitutions per year. Of c o u rse  

this is assum ing  that the  m utations did not arise  before the g en e  b e c a m e  
inactivated and  is not true if this turns out to be  a  new g en e  a s  o p p o sed  to a  
p seu d o g en e . If the deletion in the C-term inus is also  included, there  a re  34 

bp ch an g es  in this p seu d o g e n e  in com parison to PKC £ and  the  d iv erg en ce  
occurred relatively recently, 5 .2  Myr ago. This potential PKC £ p s e u d o g e n e  
form ed very recently.
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3 .5  Characterisation of the Pseudogene

3.5.1  Chromosomal Localisation

W hat is the  origin of the  genom ic c lone?  W as the  g e n e  form ed by a lte rnative  

splicing? D oes C lone 3 en co d e  a  distinct g en e  from th e  au then tic  g e n e ?  
T h e se  questio n s  w ere partially an sw ered  by analysing  th e  ch ro m o so m al 

localisation of the  two g e n es . FISH (F luorescence  In Situ H ybridisation) w a s  

u sed  to m ap th e  location of p ro b es  from th e  p se u d o g e n e  an d  th e  au th en tic  

g e n e  (given by S .S tabel) on m ouse  m e tap h ase  sp read s . T h e  different p ro b e s  

u sed  a re  outlined in Figure 3.5. The FISH analysis  (Figure 3 .6  and  F igure 3.7) 

w as  carried  out by Jill W illiamson in the  ICRF H um an C y to g en etics  
Laboratory (Monier et al., 1996; R agoussis  e t al., 1992).

T he ZETA and  pz-X5 probe hybridised strongly to one  locus a t the  proxim al 
end  of one  ch rom osom e and  w eakly to a  central region of an o th e r (F igure 

3.6). The SX1 probe w as too sm all to hybridise efficiently, h ow ever the  3 ' 
un transla ted  region of the  p seu d o g e n e  w as sufficient to d e term ine  th e  locus 

of th e  p seu d o g e n e . The intron se q u e n c e  of PKC £ (pz-X5 probe) sh o u ld  
hybridise solely to PKC £ (not PKC X) and  it is in teresting  to s e e  two 
hybridisations. The sec o n d  binding w as w eaker but reproducible.

C hrom osom al paints w ere u sed  to identify the  ch ro m o so m es which th e  

p ro b es  w ere  bound to (Figure 3.7).

T ab le  3.2 outlines the  chrom osom al localisations of PKC £. T he au th en tic  

g e n e  is on C hrom osom e 4 (and faintly on the  X chrom osom e) and  th e  

p seu d o g e n e , PKC £ I, is localised on C hrom osom e 7. Clearly th e  

p se u d o g e n e  h a s  a  distinct chrom osom al location. This rules out th e  
possibility tha t the  “p se u d o g e n e ” isolated  form ed by differential splicing from 

th e  au then tic  g en e  or so m e ab erran t library construction. T h e  new  C -term inus 
m ay have form ed by alternative splicing of th e  original g e n e  befo re  

retroposition occurred. How th e  g e n e  evolved canno t b e  e s tab lish ed .
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Clone 3 

Pst Xba
Xho 

Xba Pst Not

ORF - 1.8kb

Sal

Probe 1: SX1 

Probe 2: X7

Probe 3: ZETA (Genomic PKC-t; clone - intron:exon sequence) 

Probe 4: pz-X5 (Genomic PKC-t; - intron sequence)

Fig 3.5
Probes used for FISH
Various DNA regions were used as hybridisation probes. The pseudogene was identified 
by SX (ORF) and X7 (5’ untranslated region). Two probes were used to recognise the 
authentic gene - ZETA and pz-X5.



Fig 3.6
Chromosomal localisation of the Pseudogene and PKC £
P ro b es  hybridised to specific loci on different chrom osom es (green spots) 

and  are  indicated by arrows. For the ZETA probe, hybridisation occurred  on 

two different chrom osom es, one hybridisation region in the middle of a  
chrom osom e, the  o ther a t the  proximal end  (Fig 3.6A). Similar hybridisation 

patterns w ere se e n  for pz-X5 (Fig 3.6B).

Fig 3.7
Chromosomal Paints identify the Chromosomes which PKC £ 
probes hybridise to
T he regions that the  various PKC £ probes hybridised to clearly m atched  the 
specific chrom osom al paints. Hybridisation regions are  show n on th e  left 
hand side (as g reen  spots). T hese  co rrespond  to the sam e  m e ta p h a se  
sp re ad s  incubated with specific chrom osom al paints, shown on the right.

A. X7 probe and  chrom osom e 7 paint
B. pz-X5 probe and chrom osom e 4 paint
C. ZETA probe and  X chrom osom e paint
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Table 3.2
Chromosomal Localisation of PKC £ and PKC C, Y I

P ro b e C la s s if ic a tio n C h ro m o s o m a l lo c a lis a tio n

pz-X5 intron/exon seq . Chr 4 (E2 region)/ X Chr (centre)
ZETA intron seq . Chr 4 (E2 region)/ X Chr
X7 p se u d o g e n e Chr 7 (A2-3 region)

3 .5 .2  Transcription

The next issue  to be tackled w as:- is the p seu d o g en e  transcribed? T he 

problem  with trying to sep a ra te  the  p seu d o g en e  from the  authentic g e n e  

transcrip ts w as that the only distinguishing feature betw een the  p s e u d o g e n e  

and  the  authentic gene  is the C-terminal deletion. Therefore, PCR w as carried 
out on six cDNA libraries (kindly received from Dr D. S im m o n s’ laboratory, 
ICRF) to determ ine if PKC £ I or a  truncated or spliced PKC £ g en e  can  b e  
transcribed . Prim ers w ere designed  around the deleted  region (Figure 3.8).

The products w ere analysed  on 4% gels and then transferred for S o u th e rn  
blot analysis. The DNA gels clearly show  two b ands being produced (Figure 
3.9A) suggesting  that the sm aller band (265bp) is the p seu d o g en e  and  the  
larger (305bp) PKC Southern blots w ere probed with various en d -lab e lled  
oligos to attem pt to distinguish betw een the two bands. T he results a re  ra ther 
inconclusive b e ca u se  all the end-labelled  oligos hybridised to give b ro ad  
ban d s (on autoradiography) around the 298 m arker and  it w as difficult to 
distinguish betw een the two possible fragm ents. The different oligos sh o w ed  

similar hybridisation patterns (Figure 3.9B,C). A seq u e n c e  resem bling the  
p seu d o g en e  certainly ap p ea rs  to be transcribed and  w as ex p re ssed  in two 
tis su es  analysed  (thymocyte, splenocyte and  very faintly in Sw iss 3T3 

fibroblasts).

61
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a t e  a c a  g a t  g a c  t a t  
I  T D D

1 7 1 1 / 5 7 1
c t g  a c c  c c a  g a t  g a t  g a g  g a c  g t c  

D D E D V 
1 7 7 1 / 5 9 1  

a a c  o c a  - c t t  c |§ g  c t g

T

g a g  t a c  a t e  
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N P  L  L
1 8 3 1 / 6 1 1  ■

c a c  
H E

2 t g a

1 8 9 1 / 6 3 1  
e g g  g c a  c c g  a g g  e t c  c a a  

R A P R L Q

a c t g g g t t t t c c g a c a t e a a g
T G F S D I K

g a a a a g a a g c a g a c c c t g c c t
E K K Q T L P

a a c t t t g a c a c g c a g t t c a c c
N F D T Q F T

a t  a a a g a g g a t e g a c c a g t c c
I K R I D Q S

t c t g e t g a g g a g t c c g t g t g a
S A E E S V ★

c c c t g t c a c t t t a c c c t t a a c
P C H F T L N

g c a g c c a g g g a g g g a t g c t g g
A A R E G C w

B1

□ End-labelled oligo f / M  PCR forward and reverse primers
WT-ZETA H B

End-labelled oligo PSEUDO-GAP  

Sequence deleted in pseudogene

Fig 3.8
P C R  p r i m e r s  a nd  o l i g o s  u s e d  to a n a l y s e  t h e  c D N A  l i b r a r y  t r a n s c r i p t s

PCR was carried out over the C-terminal region of PKC t, to try to isolate two transcripts (the 
authentic gene and pseudogene). PCR primers are shown and oligos used for Southern blot 
probing are highlighted.



A

394
344
298 305(PKC £ wild-tvpe) 

265(pseudogene?)

A B D E

Fig 3.9
PCR products - end labelling
PCR was carried out over the C-terminal region. The DNA gel (Fig 3.9A) was transferred and 
the Southern blot hybridised with two end-labelled oligos - PSEUDO-GAP (Fig 3.9B) and WT- 
ZETA (Fig 3.9C). The size of the two transcripts is indicated.
cDNA libraries - lanes:- A. bone marrow, B. endothelium, C. thymocyte, D. splenocyte, E. 
melanoma, F. Swiss 3T3

Fig 3.10
In vitro transcription-translation
Various pseudogene construc ts  were expressed in a rat re ticu lo  lysate  in vitro 
transcription/translation system. A protein of size around 45kD and a very faint protein of 65kD 
was identified.
Constructs expressed, lanes:-1. NX (Not/Xba - no ATG), 2. SX A (deleted 5’ untranslated region) 
3. SX full (full length c lone), 4. X7 (3 ’ untransla ted region), 5. lucife rase contro l.



3 .5 .3  Translation

If there  a re  p seu d o g en e  transcripts and  there  is an  intact ORF, there is 
potential for the  protein to be produced. The following experim ents w ere  

carried out to s e e  if a  protein from the ORF is translated  and  is stab le. In vitro 

transcription-translation su g g es ted  that a  protein could be  produced  (Figure 
3.10). Only on removal of the 5 ’ untranslated  region is the  ORF translated . 

The ex tended  time of the  incubations m ay explain why the  m ore stab le but 
sm aller k inase dom ain is s e e n  and  the  full length protein is only faintly visible. 

PKC £ itself is very sensitive to proteolysis and is easily  d eg rad ed  to give a  

47kD catalytic fragm ent (W ays et al., 1992). The next s tep  taken  w as to 

determ ine if the ORF can  be exp ressed  in COS cells. Several constructs w ere  
transfected  into CO S cells (in SXA, a  5 ’ untranslated  2.5kb fragm ent w as  

rem oved before cloning).

Initially, a  com m ercial antibody, which recogn ises a  slightly larger ep itope  
(Figure 3.11), w as used  to s e e  if the ORF of the p seu d o g en e  (which had b e e n  
cloned into a  m am m alian expression  vector - pcDNA3) could be de tec ted  in 
cells. The ICRF PKC £ antibody will not detect the p seu d o g en e  a s  strongly a s  
the  wild-type protein. A protein of approxim ately the  right size, around 75kD, 

w as d e tec ted  strongly with th e  com m ercial antibody (and s e e n  by co o m ass ie  
staining) but poorly by the  ICRF PKC £ antibody (Figure 3.12).

Clearly, this gives no indication of w hether the  p seu d o g e n e  h a s  an  
operational prom oter in vivo. To ad d re ss  this issue, fractions from a  rat brain 
preparation w ere sc reen ed  with a  pseudogene-specific  antibody.

Most PKCs are  abundantly  ex p re ssed  in the brain and  the  m ost mRNAs for 

PKC £ a re  found in the  brain. The other p seu d o g en e  w as a lso  isolated from 
the  brain. Therefore, rat brain fractions w ere screen ed . The rat brains w ere  

hom ogen ised  and then centrifuged to give a  pelleted m em brane fraction 
(m em brane) and su p ern a tan t (cyt-Hep). The m em brane fraction w as then  

p a sse d  over a  Mono Q colum n and any m aterial that did not bind w as  
collected in the salt w ash. The supernatan t w as p a sse d  down a  hep arin  

column and protein eluted with 0.5 and 2.0M NaCI.

The com m ercial antibody d e tec ts  two ban d s (Figure 3.13A). By using the  
ICRF PKC £ antibody, one is clearly PKC £ and  the o ther is possibly the  

p seu d o g en e . This w as confirm ed using the p seu d o g e n e  antibody (Figure

f
i _________________
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Fig 3.11 
Antibodies
Three antibodies were used to distinguish the various PKC £ protein products. The PKC £ 
antibody produced in the lab only recogn ises the carboxy te rm inus of PKC £.
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3 .1 3B). Several b an d s w ere isolated (it is not known w hat e lse  th e  antibody 
can  recognise) which w ere a lso  com peted  aw ay with peptide. Analysis of the  
LWTRL peptide ag ainst S w isspro t d a ta b a se  did not align with any C -term inal 
s e q u e n c e s  and  the  only proteins containing this s e q u e n c e  w ere of bacteria l 

or y e as t origin. This su g g es ts  that the  p seu d o g en e  is transcribed  and  a  
protein is produced.

3 .6  Discussion

A genom ic clone w as identified using a  PKC £ probe. T he work desc rib ed  in 
this ch ap te r e s tab lish e s  that this m ay be a  novel PKC £ p seu d o g e n e , PKC £ 
'F I. From th e  chrom osom al localisation data, the  p seu d o g e n e  and  th e  
au thentic  g e n e  are  on two different loci. The different ch rom osom al 

localisations show  that the  p seu d o g e n e  is real and is not a  cloning artefact. 
The different loci su g g es ts  transposition of the  gene. O ther PKC g e n e s  h av e  

b een  localised to specific ch rom osom es (Table 3.3). Interestingly, o ther 
m urine PKCs have b een  localised to chrom osom e 7. PKC y is potentially in 
the  sam e  region a s  the p seu d o g en e . However, w hat lies upstream  of the  
p seu d o g e n e  in the  rem aining 5 ’ un translated  region is unknown. How th e  
location re la tes  to its evolution or role of the g en e  is a lso  not known. Often 
certain  g e n e s  may form c lusters together. Certain chrom osom al loci h a v e  
b een  linked to various d ise a se s . For exam ple, the locus of PKC i h a s  b e e n  
closely linked to the Btk g e n e  and  defects in this latter g e n e  resu lts in an  
im m unodeficient syndrom e, agam m aglobulinem ia. Even though th e  two 
g e n e s  have not b een  show n to be related, their proximity on th e  X 
chrom osom e is intriguing. If the  m urine PKC £ loci a re  a ss ig n ed  ap p rox im ate  
hum an loci, no known d is e a s e s  have  yet been  a sso c ia ted  with th e se  

positions.
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Table 3.3
Chromosomal Localisations of Atypical and other PKCs

P K C m u r in e
g e n e

C h ro m o s o m a l
lo c a lis a t io n

Human Mouse

R e fe r e n c e s

PKC a P kca 17 q22-q24 11 68 (S um m ar e t al., 1989)
(Tang and  A shendel,

1990)

PKC (3 Pkcb 16 q 1 1.2 7 60 (F rancke e t al., 1989)

(C o u sse n s  e t al., 1986)

PKC y Pkcc 19 q13 .2-13 .4 7 2 (S au n d e rs  and  S e ld in ,

1990)
(Johnson  e t al., 1988)

PKC 5 Pkcd 3 pter- q ter 14 15.5 (Huppi e t al., 1994)

PKC Ti Pkch unknow n 12 C3-D1 (C anzian  e t al., 1994)

Pkch- 12 29, 31 (O sad a  et al., 1990)

rs1/2

PKC 0 Pkcq 10 p15 2 2

PKC i X q 2 1 .3 (M azzarella e t al., 1995)

PKC X Pkcl 3 D3 (Q uaderi e t al., 1995)

p k c  t; unknow n 4 E2

W K C £ X prediction

PKC £ Y  1 unknow n 7 A2-3 this ch ap te r

PRK1 16 p 1 1-12 P a lm er

T he ev id en ce  su g g es ts  that PKC £ *¥ I h a s  charac te ris tics  of a  p ro c e ss e d  

p se u d o g e n e . T here  a re  no introns (it is known that PKC £ h a s  introns a t th e  
genom ic  level, o bservations from S .S tab eP s  group); th e re  a re  vario u s  
m utations in th e  w hole se q u e n c e  an d  a  de le ted  C -term inus, and  th e re  is a  
poly(A) tail in the  5 ’un transla ted  region. The intron-exon b o u n d arie s  of 

aP K C s have  not yet b een  clarified. It would be  in teresting to d iscover if th e re  
w as  an  intron n e a r the  end  of th e  ORF, which m ay explain the  origin of th e  

new  C -term inus. Recently, a  novel cDNA in C.elegans  w as  c loned  w hich 

e n c o d e s  an  aPK C  g ene, PKC3 (Wu et al., 1998). PKC3 a p p e a rs  to b e  th e  

only aPK C  in C.elegans  and  is a  com posite  protein of PKC £ an d  PKC i 

(overall 55%  and  57%  hom ology, respectively). H ow ever, th e  in tron-exon 
b o u n d arie s  could be  an a ly sed  from the  C.elegans  g e n o m e  d a ta b a se . PK C3 
co n sis ts  of nine exons se p a ra te d  by introns of varying s izes . The final exon  is
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from am ino ac id s  557-597, which excludes the possibility of a  splice site a t 
the  point of th e  deletion. The introns m ay be  larger in m am m alian 
hom ologues, being a  minimum size of 66-70 bp in size  (Smith et al., 1989). 

How strongly intron-exon boundaries a re  conserved  betw een sp ec ie s  is 
unknown. However, the  intron-exon structure of the hum an PKC p (PRKCB) 

g en e  h a s  recently b een  analysed  (G reenham  et al., 1998) and  com pared  to 
Drosophila PKC (R osenthal et al., 1987). The PRKCB ORF consists  of 18 

exons, including the  two alternatively spliced C-terminal regions of PKC pi 

and  PKC pil and  en co d es  a  region of 375kb. In com parison, dPKC (with 

64% identity to PKC a ) com prises 13 exons over a  region of 20kb. The sp lice  
s ite s  a re  con serv ed  betw een sp ec ies , how ever, dPKC exon 7 is divided into 3 

exons in PRKCB and  dPKC exons 10 and  11 are  subdivided into 4 PRKCB 
exons. O ne of the  dPKC exons contains 5’ un translated  se q u e n c e . 

Interestingly, even  though the ORF seq u e n c e  a re  similar in size  (2172 bp for 

PRKCB and 1920bp for dPKC) the av erag e  intron size  is much larger for the  
hum an g en e  (22kb in com parison to 1.5kb in Drosophila). The difference in 
g e n e  size  can  be correlated to the  difference in genom e size, w here the  

haploid g enom e of Drosophila melanogaster (170Mb) is 18 tim es sm aller 
than  the  hum an haploid genom e (3000Mb). Furtherm ore, C .e leg an s  PKC3 
intron-exon structure is very similar to that of dPKC. PKC3 h as  9 exons, 
lacking a  few which encode  the  seco n d  zinc finger and  the  C2 dom ain. Thus, 
the  intron-exon structure for the PKCs ap p ea rs  to be essentially  conserved .

O ne transcribed  PKC £ p seu d o g en e  (YPKCQ h as  already  b een  desc rib ed . 
This w as identified from a  rat brain screen  (A ndrea and  W alsh, 1995) an d  
w as a lso  isolated by ano ther group (Powell, 1994) from rat prostatic tum ours. 

Interestingly, this p seu d o g en e  w as the  first identified form of PKC £ (Ono et 
al., 1988). W hen rat PKC £ w as originally isolated, a  clone without a  start 
codon and  having a  28bp non-PKC N-terminus w as isolated. T herefore they 
hypo thesised  that this non-PKC N-terminus a ro se  from lack of splicing of an  

N-terminal intron, how ever they did not show  any d a ta  to prove this idea. The 
two groups w ho subsequen tly  isolated the  p seu d o g en e  carried out RNAse 

protection a s sa y s  and  genom ic PCR over this V1’-C1 region (VT is the  novel 

214bp  N-terminal non-PKC seq u en ce). This region is a  con tinuous an d  
uninterrupted region of the genom e. Distinct hybridisation pa tte rn s from 

genom ic S o u th ern s  (using p seu d o g e n e  and  PKC £ specific probes) indicate 
the  p seu d o g e n e  and  PKC £ a re  distinct g en es . Moreover, w hen the  hum an  

and  m urine PKC £ cDNAs w ere isolated, again  both full length c lones w ere  
not isolated at th e  first attem pt (Goodnight et al., 1992). How th e se  
p se u d o g e n e s  form ed and w hat the  chrom osom al locus of the  W K C ^  g e n e
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is, will be  interesting to identify. It is possib le  that the  faint hybridisation on th e  

X ch ro m o so m e se e n  with the  PKC £ genom ic p robe is this p se u d o g e n e , 

'FPK C^. This could be readily clarified if the  location of th e  s e q u e n c e  of th e  
PKC ^ genom ic probe within th e  PKC £ O R F is known.

T he d a ta  from Northern blot analysis  h a s  not b een  very straightforw ard. 

W alsh et al, who isolated  the  'FPKC found tha t th e  mRNA which h a s  alw ays 

b een  a sso c ia te d  with PKC £, 2.2 and  4.2kb, w as actually a sso c ia te d  with th e  
p se u d o g e n e  (Figure 3.14). B etw een sp ec ie s  and  in o ther non-brain tissu es , 

th e  mRNAs differ in size by a  few hundred  b a se s . H ow ever, the  group a lso  

iso la ted  an mRNA of 1.75kb with a  p robe to the  C1 region. S ak to r et a l 

iso la ted  a  truncated  PKC £ mRNA specifically in th e  brain (ASBMB m eeting  
abstrac t, 1998). It will be  interesting to determ ine if th e se  two transcrip ts  a re  
th e  sam e , encoding  PKM£. The discovery of sev era l different mRNA 
transcrip ts  implies that PKC £ u se s  either different polyadenylation s ite s  a n d  
different splice variant forms, a s  is s e e n  for PKC pi an d  PKC pll, or that 
different sub-isoform s (i.e. g en es) exist. For the  c lassica l PKCs, sev e ra l 
mRNA transcrip ts a re  form ed and  for PKC p and  PKC y, le ss  transcrip ts  a rise  
in the  brain. Potentially sev era l alternative splice variants, p se u d o g e n e  or 

novel g e n e s  m ay exist for all o ther PKCs.

If both th e  PKC £ p se u d o g e n e s  a re  indeed  transcribed  an d  translated , it will 
be  intriguing to u n d ers tan d  function. The 'FPK C^ is transcribed , but th e re  is 
no obvious m ethionine a t the  beginning of the  seq u e n c e . However, th e re  a re  
two stop  codons 10-20bp upstream  of the  SIY PKC £ start s e q u e n c e . A 
s u b se q u e n t ATG codon at am ino acid 184 could possibly  b eco m e a  start 
codon  encoding  a  catalytic dom ain protein, PKM£. Sack to r originally 
p ro p o sed  that a  PKM£ 51 kD protein is p roduced  during LTP (S ack to r e t al., 
1993). It w as  unknow n w h e th er PKM£ is e x p re ssed  a s  th e  catalytic dom ain  

a lo n e  or is just form ed by p ro te a se  c leav ag e  of PKC £ under in c re a se d  
calcium  levels, c au se d  by LTP. Recently th e  sa m e  group have  u se d  

an tibod ies to various reg ions of PKC £ and  have d em o n stra ted  tha t PKM£ is 

m ore abundantly  e x p re ssed  in the  brain than  PKC T hus the  *FPKC£ 
p se u d o g e n e  m ay be  tran s la ted  into a  PKM form an d  b e  a  novel PKC £ 
isotype.
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Fig 3.14
Northern blot analysis of mRNA from  rat brain
Specific regions of PKC £ were used to hybridise rat brain mRNA. The probes were specific to 
PKC £ (V1, C1 or V5) or the pseudogene (V1 ’) and the full length pseudogene cDNA (T'PKC C) 
Fig 3.14A.
Results taken from (Biochem.J. (1995) 310 835-843 J.E.Andrea.M.P.Walsh) Fig 3.14B.



In the  c a s e  p re sen ted  here, it would a p p ea r that PKC £ I m ay be  tran s la ted  

too so  it m ay a lso  be  a  novel PKC £ isotype. Only future experim ents will b e  
ab le  to define if the  transcript is translated . The following would help clarify 
transcription an d  translation.

•  ex tend  the  PC R  analysis  to identify which tissu es  e x p re ss  the  p s e u d o g e n e  

transcrip t (using the  C-terminal PCR approach  explained  h ere  a n d  

identifying th e  p seu d o g e n e  by sequencing)

•  study the  en d o g en o u s  p seu d o g e n e  by using the  antibody to d e tec t or 
im m unoprecipitate protein in any tis su e s  known to ex p re ss  the  transcrip t

•  further ch arac te rise  the  p seu d o g e n e  protein in 293 cells by 

im m unoprecipitating the  p seu d o g en e  protein and  testing  for activity an d  by 

im m unofluorescence, to s e e  if the new  C-term inus c h a n g e s  the  cellu lar 
localisation of th e  protein

• d iscover the  origin of the  p seu d o g en e , by sequencing  m ore b a s e s  of th e  
un translated  reg ions looking for 5 ’ and  3 ’ splice site/direct re p e a ts  for 
retroposition

• isolate (either by placing the  5 ’ untranslated  region in front of a  Lac Z e tc  
g en e  or s e q u e n c e  analysis) a  prom oter

• study the p se u d o g e n e  expression  in the  PKC £ knockout m ouse  t is su e s  
w here  there  is no authentic  PKC £ ex p ressed

If the  p seu d o g en e  (PKC £ 'F I) or any other PKC £ variants a re  ex p ressed , th is 
will affect the  ou tcom e of any PKC £ knockout mice. Libraries w ere  not re­
sc ree n ed  to pull out an  authentic PKC £ g en e  b e ca u se  Sylvia S tab e l's  g ro u p  
w ere a lready injecting a  PKC £ construct into em bryonic stem  cells. To avoid  
duplicating resea rch , a  PKC £ knockout w as not pursued . M. Leitges from this 
group h a s  now charac te rised  severa l PKC knockouts (Table 3.4).
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Table 3.4
PKC knockouts (homozygote -/- mice, unpublished data from M.Leitges)

P K C  iso type P h e n o ty p e

PKC a normal - possible effect on platelets
PKC P depleted B cell populations/ learning or behavioural

defect? (Leitges et al., 1996)
PKC y Effects on LTP (Abeliovich et al., 1993; Abeliovich et al.,

1993)

PKC 5 effects on brain? /  wound healing defects/ die in 6 m onths
PKC e no overt phenotype (data from Dr M. Owen, ICRF)

PKC r| defects in wound healing

PKC £ no overt phenotype

PKC i embryonic lethal (day 7)
PKD (PKC n) effects on T cells

Knockouts can be informative in elucidating the biological role of a  protein. 
The PKC knockouts them selves have not given much insight into the role of 
the specific PKCs since the defects are more subtle. Differences may only be  
noticeable at the cellular level or under certain conditions, for exam ple, PKC 6 
may be involved in recognition of invading pathogens. The isoform which 
c a u se s  the m ost striking phenotype is PKC i. Embryonic lethality m ay imply 
that the protein is required for embryonic developm ent or that it plays a  vital 
role in the functioning of cells. PKC3, which is a  com posite aPKC in

C.elegans, is essential for the progression of em bryogenesis. If functionality is 
conserved  acro ss  spec ies  barriers, it su g g ests  that PKC i plays an im portant 
role in em bryogenesis. The other problem is that in such a  family a s  the 

PKCs, there  may be redundancy and double knockouts may give more clear- 

cut answ ers. The potential to study different cell types deficient in specific 
PKCs and the effects on cellular function is im m ense. In the future, m aking 

m ore subtle knockouts, conditionals (Lobe and Nagy, 1998) or fusion with 
G FP/lac Z or other specific targeting proteins, to visualise, localise and  

specifically switch on the knockout, will help overcom e the  problem of 
em bryonic lethality, a s  seen  for PKC i.

T ransgenic mice will help solve the question of the biological role of proteins 

in the  context of an organism . It would be interesting to se t up tran sg en ics  

using constructs of the activated (or kinase dead) PKCs, for exam ple, e ither 
being conformationally open by deleting the p seu d o su b stra te  region, or by
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using point m utations of the phosphorylation s ites  which a p p ea r to m ake PKC 
£ active in vivo but less  stab le  in vitro (see  the  following chapter).

However, in the future, especially  in trying to decipher the  PKC £ knockout 

phenotype, it will be  important to d iscover if functional PKC £ is en co d ed  by a  

subgroup of g en es . Potentially there  a re  th ree  PKC £ g e n es  PKM£ or 'FPKC 

PKC £ and  the PKC £ I, described  in this chapter. The atypical PKC family 
m ay now be  expanding to en co m p ass  two new  kinases.
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Chapter 4

4.1 Introduction

With the knockout of PKC £ awaiting p rogress from others, the  role of PKC £ 
w as pursued  by elucidating its control and so  helping to isolate at least one  
signalling pathw ay on which it lies. How aPK Cs are  regulated and  how they 
fit into cellular signalling pathw ays will be investigated in the  following 

chapters. The approach to this problem w as derived from the structural 
similarity betw een PKC £ and other PKCs, in particular, focusing on 

conserved  phosphorylation sites.

Allosteric effectors and phosphorylation is required to activate PKCs (see  
Introduction). For the cPKCs, three “priming” sites have been  m apped. The 
activation loop site is essential for maximal catalytic com petency. In addition 
to the perm issive phosphorylation of this site, the  two other priming sites  
required for PKC a  activity are the T657 site, in a  hydrophobic region, and  
T638 (S660 and T641 respectively for PKC pll). How th e se  phosphorylations 
are  regulated is controversial. P apers  published by A. Newton’s  group give 
ev idence for the S660 site in PKC pll being an autophosphorylation site 
(Keranen et al., 1995). However, work from our lab dem onstrates that this site 
is trans-phosphorylated  in PKC a  (and from work on PKC 5) by an a s  yet 
unidentified kinase. This site is highly conserved  in the  AGC k inase  
superfam ily and certainly for PKB (and p70S6K w here phosphorylation of this 
site is sensitive to rapamycin), a  distinct kinase is believed to phosphorylate  

this site. It could be hypothesised that there is a  com m on kinase for this site. 

Recently integrin linked kinase, ILK, w as identified a s  a  cand idate  for 

phosphorylating S473 in PKB (Delcom m enne et al., 1998).

The role of th e se  C-terminal phosphorylation sites w as investigated by 
Frederic Bornancin by making PKC a  phosphorylation site m utants. Mutation 

of the T638 and S657 sites d oes not directly affect catalytic activity. 
P hosphate  incorporated into th ese  two sites h as a  more subtle role. The 

T638A and E m utants w ere m ore sensitive to p h o sp h a ta ses  (PP1 in vitro); 

less  thermally stable and more open to oxidation in com parison to the wild- 
type protein (Bornancin and Parker, 1996). This led to the hypothesis that 
phosphorylation affects the conformational state  of the protein (Figure 4.1). If 
all sites are  occupied, the catalytic domain is in a  m ore closed conform ation.
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Model for the Role of Phosphorylation in determ ining the  
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This reflected what w as seen  on TPA treatm ent in vivo. TPA stim ulated 
m utants w ere m ore prone to dephosphorylation by p h o sp h a ta ses  than the  
wild-type protein. The increased  exposure  of certain sites may also  explain 

the  increased  sensitivity of the m utants to oxidation. A com parison to PKA 
helps understand  this problem. In PKA, a  cysteine residue in the activation 
loop interacts with the  y-phosphate of ATP in the active site. If this Cys (C199) 
is covalently modified, activity is lost. For PKC a , the equivalent site m ay be  

C499. C499 m ay be m ore exposed  in the phosphorylation site m utants an d  
so  can  be readily oxidised, resulting in loss of activity. Presum ably this 

residue is buried in the wild-type protein which protects against oxidation. 

The specific activities of isolated m utants from unstim ulated cells a re  listed 

below (Table 4.1). Clearly the C-terminal m utants do not affect activity greatly  
perse . As expected, an Ala residue in the T497 site results in loss of activity. 

Interestingly in vitro, isolated protein with threonine m utated to a glutamic acid 

(T497E) d oes not result in com plete mimicking of a  phosphate  group.

Table 4.1
Specific Activities of PKC a mutants

Phosphorylation site 
Mutants

Activity
(with respect to the wild-type protein)

T497E 2 2 %

T497A 0

T638E 71%

T638A 74%

T657E 80%

T657A 45%

From W estern blot analysis and pulse ch ase  labelling experim ents, using the  

S657A or D m utants, it w as obvious that phosphorylation in this site  

controlled and is a  rate determ ining step  for phosphorylation of the o ther 

sites. The S657A m utant never accum ulated in a  fully phosphorylated form 
following 35S-m ethionine labelling and ch ase  of the proteins. However, the  
primary translation product of the S657D mutant is initially p ro cessed  m ore 
rapidly (running faster than the wild-type protein, 78kD a in an  
unphosphorylated state). Therefore, the S657 site controls two s e p a ra te  

p rocesses. It ap p ea rs  to be the  first (or one of the first) phosphorylation ev en ts  
resulting in the su b seq u en t phosphorylation of all o ther sites. S econdly , 
similarly to the T638 site m utants, incom plete phosphorylation renders  the
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protein more accessib le  to p h o sp h a ta ses  and degradation (Bornancin and  
Parker, 1997).

Phosphorylation in the two C-terminal sites does influence phosphorylation in 
the  catalytic core and co-operativity betw een sites is observed. This m ay be 
explained by the carboxy terminal region of PKC a  “m asking” the  activation 
loop and  being w rapped acro ss  the T497 site. The initial event may require 
S 657  phosphorylation, releasing the V5 C-terminus from the activation loop, 

thus enabling the second  PKC kinase to phosphorylate T497. S ubsequen tly , 

the  T638 site may m ake contact with a  cluster of basic residues in the sm aller, 
upper lobe of the kinase domain, thus stabilising the catalytic dom ain. This 
would explain the co-operativity of interaction and  phosphorylation. The 
m echanistic details of the phosphorylation events have not been  an a ly sed  

further.

How d oes our knowledge of the phosphorylation sites of PKC a  and PKC pll 

relate to other PKCs? Can the sam e  ideas be applied to the  novel an d  
atypical PKCs? Experim ents for PKC 8  dem onstrate  that the  S643 site 
(equivalent to T638 in PKC a) is an autophosphorylation site (Li et al., 1997). 
However, S643A protein isolated in vitro and tested  for activity w as not 

therm ally unstable but had  reduced enzym atic activity an d  
autophosphorylation. Thus, this may correlate with the  idea that lack of 
phosphorylation in this site affects protein activity indirectly due to incorrect 
alignm ent with the activation loop site. TPA-induced monocytic differentiation 
of 32D cells overexpressing the Ala m utant still occurs but to a  le sse r extent 
than  for the wild-type protein. Therefore, the m utant is less efficient in acting 
on key su b stra tes  in the differentiation pathway. There is no d a ta  on w hat 
h appens to S662A or E m utants for PKC 8 .

For the aPKCs, there is no published data  on phosphorylation sites. 
Comparatively, aPK C s can undergo phosphorylation in two of the th ree  

priming sites (Figure 4.2). S657 residue is a  glutamic acid in the aPK Cs, thus 

this primary phosphorylation step  is bypassed . It w as considered  important to 
d iscover what difference this m akes to the regulation of the aPK C s by 

phosphorylation. How th e se  sites affect atypical PKC protein stability and  
activity a re  exam ined in this chapter.
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PKC a  -  Classical PKCs

effector/lipid binding (DAG) 
Two Zinc fingers 
lipid/protein targeting 
Ca2+ binding
Pseudosubstrate 

Kinase domain 

V5 domain

0  Phosphorylation site

PKC £ -  Atypical PKCs

■ One Zinc finger 
No Ca2+/DAG binding

| Vo domain

-

E579

Fig 4.2
Phosphorylation sites in PKC a and the corresponding predicted PKC £ phosphorylation 
sites



4.2  Analysis of the Atypical PKC Phosphorylation sites

To help characterise  the aPKC phosphorylation sites, an ti-sera  w ere raised to 

the priming phosphorylation sites of PKC Rabbits w ere im m unised with 
phospho-pep tides (Figure 4.3).

To a s s e s s  if the equivalent of the known PKC a  phosphorylation sites  a re  
a lso  occupied in the atypical PKCs in vivo, 293 cells w ere transfected  with 

various constructs of PKC £. The an tisera  a re  used  together with 0 .1pg/ml 

com peting de-phospho peptide (Figure 4.4). The an tisera  specifically interact 
with the  phosphorylated form of the protein. This can  be see n  by lack of 

recognition of the phosphorylation sites in the T410E/T560E m utant (EE), 

w here th e se  sites cannot be phosphorylated. The antibodies do not 
recognise  the peptide seq u en ce , only the phosphorylation site. Incubation 

with the  phospho-form  of the  peptide com pletely rem oves the signal. The 
level of phosphorylation a s  a  percen tage  of all of the PKC £ protein 

population cannot be determ ined, a s  the an tisera  a re  not titred. The an tise ra  

pick up endogenous PKC £ very faintly, a s  seen  by transfection of the  vector 

a lone.

U nder normal growth conditions, in the p resen ce  of 10% FCS, wild type PKC 
£ is phosphorylated in both the activation loop and TP sites. This could be  
a ssu m ed  to be a  basal level of phosphorylation. The kinase dom ain construct 
a p p ea rs  to be equally phosphorylated, in com parison to the wild-type protein. 
This would sug g est that phosphorylation d o es  not ap p ea r to be inhibited by 
the  regulatory dom ain. However, in a  cellular environm ent, the  k inase  dom ain 

m ay indeed be m ore highly phosphorylated than the  wild-type protein but 

then be  less protected from p h o sp h a ta ses  and so  phosphorylation s ites  m ay 

subsequently  be m ore readily rem oved. Furthermore, phosphorylation levels 

do not ap p ea r to be increased  by the removal of the p seu d o su b stra te  (P S S ) 

dom ain, (shown in PKC £ A PSS) a  theoretically constitutively active 
conform ation of PKC Therefore, either the activation loop site is a lw ays 

readily accessib le  or removal of the  P S S  site from the  catalytic cleft e n a b le s  

increased  sensitivity to ph o sp h atases .

How d o es  the phosphorylation state  of PKC £ correlate with activity? To 
attem pt to ad d re ss  this issue, the activities of various PKC £ constructs w ere  

m easured . M yc-tagged PKC £ constructs w ere ex p ressed  in 293 cells an d  
protein im m unoprecipitated and eluted. Activity w as m easu red  by a  k inase
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T410 phospho-antibody PGDTTSTFCGTPNYI

T560 p h o sp h o -a n tib o d y  SEPVQLTPDDEDVIK
554 568

Fig 4.3
Generation of PKC £ phospho-specific antibodies
The anti-sera recognise the highlighted phosphorylated regions in the activation 
loop, T410, and TP site, T560.
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Various PKC £ constructs were transfected into 293 cells, maintained in 10% FCS 
and harvested into lysis buffer. Samples were analysed by SDS-PAGE and Westerns 
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Fig 4.5
Activity of different PKC £ constructs
293 cells were transfected with various PKC £ constructs and protein immunoprecipitated and 
eluted. Kinase activity was measured against phosphorylation of the PKC C PSS peptide in the 
presence or absence of mixed brain lipids (Fig 4.5A). The levels of protein used per assay are 
shown below (Fig 4.5B), the phosphorylation state of the PKC £ T410 site was also measured 
using the phospho-specific antibody.



assay , by monitoring phosphorylation of the PKC £ P S S  peptide or MBP in 
the  p re sen ce  of 32P y-ATP and m agnesium  (Figure 4.5). The choice of 
su b stra te  did not affect phosphorylation levels and relative activity is the  sam e  
for both substra tes .

The isolated wild-type protein is a s  active a s  the constitutively active protein 

(low expression  on elution of the PKC £ A P S S  construct in this and  o ther 
experim ents explains the low kinase activity). This supports the  
phosphorylation site da ta  where, in particular, activation loop phosphorylation 

(correlating with catalytic com petency in PKC a) a p p ea rs  similar in all 

constructs. The activity of the kinase dom ain construct is puzzling an d  

ap p ea rs  to vary with preparations of protein. In this c ase , activity is a s  high a s  
for wild-type protein. However, on other occasions, the  kinase dom ain (even if 

ex p ressed  and  phosphorylated in the activation loop site) is inactive. This 

would su g g es t an in vitro stability problem. It would be expected  that the  
k inase dom ain alone acts a s  a  constitutively active kinase, a s  h a s  b e e n  
previously dem onstrated  for PKC £ (Berra et al., 1993).

From this data, it would ap p ear that wild type PKC £ is the  m ost active form of 
the enzym e, within the constraints of the in vitro a ssa y  system . The am o u n ts  

of protein iso lated  from cells a re  not large enough  to be  m e asu re d  
quantitatively. This puts a  constraint on determ ining the  relative specific 
activity of en zym es under certain conditions.

4 .3  E x p re s s io n  of B ac te ria l PKC £

To try to distinguish betw een the two phosphorylation sites  and to w hat ex tent 

each  contributes to activation, bacterial system s which do not en co d e  Ser/T hr 

k inases that can  modify any eukaryotic proteins, w ere used . Specifically, 
stud ies in bacteria  could help a s s e s s  if T560 is an autophosphorylation site. 

Knowledge from previous expression of PKC a  in bacteria  show ed that 
unphosphorylated  protein is formed which is insoluble in bacteria. S ince th e  
m ost C-terminal 'FSY' site is crucial for regulating protein stability an d  
determ ines th e  'on' rate for phosphorylation, it could be hypothesised  that for 

PKC £ the glutam ic acid in the equivalent position would act to stabilise th e  

protein.

PKC C is e x p re ssed  in bacteria, (Figure 4.6). However, the  am ounts iso la ted  
are  variable and  high yields are not obtained. T he full length protein is very 
unstable. All possib le  s tep s  w ere taken to prevent protein degradation . 
Cultures w ere grown at low tem peratu res and induced at high cell d en sities
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using low (100jxM) IPTG concentrations, to allow slow and so  not too m uch 

protein production. The prom oter in the pRSET vector is leaky and  show s 
that induction d o es  not necessarily  increase protein yield. P rocessing  
occurred at 4°C and the lysozyme m ethod to lyse the bacteria w as used, a  
gentler m ethod than sonication. Bacterial strains containing pLYS and  
GRoEL/GRoES w ere also used  to e a se  protein extraction and attem pt to 
improve folding of the protein. Extraction buffers all contained p ro tea se  

inhibitors (see  M aterials and M ethods). Protein w as isolated a s  quickly a s  
possible and stored in 50% ethylene glycol. With th e se  precautions, a  crude 

activity a ssa y  w as carried out on protein eluted from nickel a g a ro se  b ead s . 
Protein levels w ere so  low a s  to m ake concentration levels difficult to 

determ ine, but PKC £ d oes show activity above a  background vector control 

level (Figure 4.7).

Bacterially ex p ressed  PKC £ is active, but how this value correla tes with 
m am m alian exp ressed  PKC £ could not be a sse sse d . Bacterial PKC a  h as  an  

activity of <2 % of that of m am m alian ex p ressed  PKC a  (C azaubon et al., 

1994). Bacterial PKC 5 is at least 90% less active than CO S cell purified PKC 
5 (unpublished data). This may not be surprising, given that there  is unlikely 
to be a  bacterial PKC activation loop kinase to phosphorylate this site. 
A ttem pts w ere m ade to determ ine the occupancy of the phosphorylation sites 
by using W estern blotting and phospho-an tisera  (Figure 4.7). Unfortunately, 
no su cc e ss  w as achieved. The antibodies are  not good enough to detect 
such  low levels of protein and non-specifically detect background an tigens, 
see n  in the vector control lane. Therefore, it w as not determ ined which sites 

are  occupied and how this relates to activity. Increased am ounts of bacterial 

PKC £ have to be produced for further analysis.

Bacterially ex p ressed  protein will be useful in a sse ss in g  relative levels of 

phosphorylation. It would be interesting to s e e  if the TP site is occupied, to 

indicate w hether this is an autophosphorylation site and h en ce  help 

understand  the m olecular m echanism s of activation. To date, no further 

p rogress h a s  been  m ade with bacterial exp ressed  protein.
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HBk,Hi   PKC C

Fig 4.6
Bacterially Expressed Protein
Full length His tagged PKC £ was expressed in bacteria and after induction, was isolated 
on Ni-agarose beads (bound sample). Quite a high proportion of the protein is insoluble.
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Activity of Bacterially Expressed Protein
Various His and GST tagged PKC t, proteins were expressed in bacteria (Fig 4.7A). The 
proteins were purified (uninduced or after induction) on Ni-agarose or GST Sepharose 
beads. Samples were analysed by Western blotting.
Lanes:- 1/4. His-PKC L i 2/5. His-PKC £ kinase; 3/6. GST PKC t, 7. vector control 
1-3. uninduced, 4-6. IOCKiM IPTG, 3h induction
The a c tiv ity  of PKC t  fu ll length (lane  1 ) and k inase  dom ain  (lane 2 ) 
were measured in kinase assays using PKC f; PSS as a peptide (Fig 4.7B).



4 .4  Characterisation of Phosphorylation Site Mutants

To elucidate phosphorylation m echanism s and a s s e s s  which s ite s  a re  
physiologically important, the  m ost widely used  techn ique is the creation of 

site-directed m utants. Previous m utagenesis studies on PKC a  d em onstra ted  
that an aspartic  acid residue w as not a s  efficient in mimicking 
phosphorylation due to having a  shorter carboxyl side chain (C azaubon et al., 

1994). M utants w ere c reated  for PKC £ (see  m aterials and  m ethods), mutating 
the  TP and activation loop threonine residues into glutamic acids. A 
previously m ade activation loop alan ine mutant, T410A (G arcia-Param io et 

al., 1998) w as also analysed.

As h as  been  well docum ented, phosphorylation cannot be fully mimicked by 
negatively charged  glutamic acid residues. In making the m utants, it is 

a ssu m ed  that structural ch an g es  induced by the  m utations th em selves do not 
affect protein folding or functionality. This w as shown to be the c a s e  for an  

autophosphorylation site m utant of PKC 5, S643A. The m utant had reduced  
activity but still underw ent translocation on TPA stimulation and c au se d  3 2 D 
m yocyte cell differentiation (Li et al., 1997).

All PKC £ m utants exp ress  well in com parison to the wild-type protein in 293 
cells (Figure 4.8). The 41OE and the EE double m utant a p p ea r to e x p re ss  
m ore strongly. The m utant proteins are also  cleaved m ore readily yielding a 
k inase dom ain fragm ent, a s  is evident in the insoluble fractions. The sam e  
h as  been  seen  for the A PSS site mutant, suggesting  that m ore active 
conform ations of the protein a re  m ore readily affected by p ro teases . 
O bservations of cells transfected  with any of the m ore “activated form s” of 
PKC £ indicated a  possible role for PKC £ in cellular attachm ent. More cells 
transfected  with EE or kinase domain constructs a re  de tach ed  and  floating in 

the m edia on harvesting. For the EE mutant, this occurs in a  concentration- 

dep en d en t m anner. Higher levels of EE DNA transfected  is paralleled  by 

increased  cell detachm ent. This is mirrored by im m unofluorescence d a ta  (see  

below), w here the k inase dom ain or EE transfected  cells result in cell 
m em branes appearing m ore ruffled. The m utants and the  constitutively active 
form of PKC £ are  all less soluble in Triton-X-100, which further su g g es ts  a  

le sse r d eg ree  of association with a  m em brane com partm ent but in stead  
either localisation with cytoskeletal com ponents or insolubility.
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Fig 4.8
E x p re s s io n  and  C h a ra c te r is a t io n  of PKC t, P h o s p h o ry la tio n  S ite  M u ta n ts
293 cells were transfected with different PKC £ constructs, wild-type or A PSS or phosphorylation 
site mutants. Cells were harvested into lysis buffer and extracts analysed by SDS-PAGE. The 
Triton-X-100 insoluble fraction was prepared by homogenising the total lysates and centrifuging 
the samples for 15min at 14 OOOrpm.



4 .5  Molecular Mechanisms involved in PKC £ Phosphorylation

How do the  m odels proposed so  far for the cPKCs apply to the  aPK C s? Using 

phosphorylation site m utants for PKC £, how th e se  ideas a re  related to PKC £ 
could be analysed . For PKC £, the T410 m utants (A and E) a re  

phosphorylated  to a  similar extent a s  wild-type PKC £ in the T560 site. By 
com paring the  levels of protein expression, there is a  slight d e c rea se  in T560 

phosphorylation in the T410A mutant, however, it is not dram atic. This 
su g g es ts  that the activation loop m utant is of a  similar conform ation to the  
wild-type protein, and the  TP site is not m ore exposed  on activation loop 

phosphorylation. lf th e T 4 1 0  site phosphorylation reflects the  overall PKC £ 

activity state, then the  T560 site should have increased  phosphorylation 

levels in the  T410E mutant. The T560A/E m utants show  different patterns of 
phosphorylation. There is d ec rea sed  activation loop site phosphorylation in 
both c a se s . This m ay reflect th e se  m utants having a  more ex p o sed  activation 

loop site. T hus the T560 site ap p ea rs  to open the protein conform ation an d  
ex p o se  the protein m ore strongly to p h o sphatases.

After elution, the various m utants w ere a ssay ed  for PKC £ activity (Figure 4.9). 
T410A is inactive which dem onstrates that in PKC £ this site is essen tia l for 
catalytic activity. If the  protein levels u sed  in the  kinase a ssay  are  com pared , 
the  T410E m utant a p p ea rs  more active than wild-type PKC However, the  
T560E and the EE m utants show ed low activity or w ere inactive under th e se  
in vitro a ssa y  conditions. The T560E m utant h as low activity which m ay b e  

due  to low occupancy of phosphate  in the activation loop site. It would b e  
expected  that the EE m utant might be the most active form of the k inase. 
M oreover in a  cellular environm ent, the EE protein ap p ea rs  to be m ore active 

(see  the next section), which su g g es ts  that the in vitro eluted protein is 

unstable. If cells expressing  the T560E or T560A mutant a re  trea ted  with a  

p h o sp h a ta se  inhibitor (okadaic acid), there is a  significant in c rease  in 

activation loop phosphorylation (Figure 4.10). This w as see n  by detection of a  

slow er migrating phospho-form  of PKC £, using the T410 phospho-antibody. 
M oreover, incubation of T560E protein with the activation loop k inase (se e  

next chapter), PDK1, increased  T410 occupancy and  activity, m easu red  by 

kinase a ssa y s . Again, due to relative levels of protein expression, the  enzym e 
is probably then  a s  active a s  wild-type PKC
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Fig 4.9
Activity of Phosphorylation Site Mutants
The phosphorylation site mutants were expressed in 293 cells and protein 
Myc-immunoprecipitated and eluted from beads. The activity of eluted protein 
was assayed using PKC t; PSS peptide as phosphorylation substrate, in the 
presence or absence of lipids (Fig 4.9A). The amounts of protein used per 
assay are shown below (Fig 4.9B).
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Fig 4.10
PDK1 increases the T560E m utant activa tion  loop p h osphorylation  and activity
293 cells were transfected with phosphorylation site mutants (T560A or E). Some cells were 
treated with 500nM okadaic acid (1 h). The levels of activation loop site phosphorylation were 
then measured, using T410 phospho-specific antibodies (Fig 4.10A). The activity of eluted T560E 
protein after incubation for 30min (with PC/PS and PI(3,4,5)P3) with PDK1 (myc-tagged ard  
eluted from 293 cells) was measured by phosphorylation of PKC £ PSS peptide in the presence 
or absence of lipids (Fig 4.1 OB). Comparative levels of activity of T560E protein and wild-type 
PKC £ alone were measured.



4 .6  How can the Phosphorylation State of PKC £ be 
modulated?

Since the phosphorylation s ta te  of PKC £ see m s  to reflect its activity, attem pts 
w ere m ade to alter levels of PKC £ phosphorylation and  determ ine which 

allosteric effectors m odulate activation. Cells w ere trea ted  with severa l 
allosteric effectors and  docum ented  activators of PKCs or m ore specifically 

PKC £ (Figure 4.11) (ceram ides) and the effects on phosphorylation w ere 
detec ted  by using the  phospho-antibodies.

None of the treatm ents ap p ea red  to have much effect on changing  the  

phosphorylation sta te  of the two sites. DAG and TPA m ay in c rease  the  
activation loop site phosphorylation slightly. However, this is unlikely to be a  
direct effect given the previous literature on DAG/TPA binding (W ays et al., 

1992). In vitro a ssa y s  show ed that baculoviral ex p re ssed  PKC £ w as not 
activated by TPA. Serum  starvation d o es  not reduce phosphorylation greatly. 
C eram ide treatm ent ap p ea red  to increase  the TP site phosphorylation, 
relative to wild-type protein. The only dram atic effect on phosphorylation w as 
seen  when PKC £ transfected  cells w ere incubated with okadaic acid. C learly 
the T410 site accum ulates phosphate . This implies that a  PP1 or PP2A 

subfamily p h o sp h a ta se  is responsib le for dephosphorylating this site. 

Interestingly, the TP site (T560) is unaffected by the  inhibition of an okadaic- 
acid sensitive ph o sp h atase . This data  is important and su g g es ts  that PKC £ 
can  be m ore highly phosphorylated.

4 .7  Characterisation of the Phosphorylation sites in PKC i

Are the phosphorylation sites and how they are  regulated  conserved  in the 

aPKC subfamily? The two kinase dom ains a re  highly hom ologous in 

seq u e n c e  in the  atypical PKCs (Figure 4.12) so  it w as predicted that the  

phospho-specific antibodies to PKC £ would also  recognise  PKC i. To verify 

this, PKC i w as overexp ressed  in 293 cells and cell extracts blotted with the  
phospho-an tisera .

Clearly the phospho-antibodies detect phosphorylated form s of PKC i  (Figure 

4.13) on overexpression  and  actually de tec ts  PKC i with higher affinity than  

the C-terminal PKC i antibody. The occupancy of the s ites  a p p ea rs  to mirror 
that of wild-type PKC Wild-type PKC i h as  phosphate  in both activation and  

TP sites. K inase a ssa y s  dem onstrated  that, a s  for PKC £,

9 4



4-̂
5

<o
c/Tz

o<Q
<CLh 'vTw
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Treatm ent of PKC £ tran s fected  cells  w ith various ago n is ts  to determ in e  the e ffec t on 
phosphorylation
293 cells transfected with PKC £ were treated (see below) and then harvested into lysis buffer. Total 
lysates were analysed by SDS-PAGE.
Treatments were as follows:- OA- 500nM for 1 h, Insulin 50|ig/ml , DAG - 100|ng/jal for 20min, TPA - 
400nM  for 15m in, ce lls  w ere serum  starved fo r 24h, ce ram ide  - 100|iM  fo r 20m in
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APEILRGEDYGFSVDWWALGVLMFEMMAGRSPFDIVGSSDNPDQNTEDYLFQVILEKQIR

* ★

IPRFLSVKASHVLKGFLNKDPKERLGCRPQTGFSDIKSHAFFRSIDWDLLEKKQTLPPFQ
IPRSLSVKAASVLKSFLNKDPKERLGCHPQTGFADIQGHPFFRNVDWDMMEQKQWPPFK
*  *  *   ̂ k   ̂ k  k  k   ̂• k  k  k  • • k  • k  k   ̂#  * * *  •

PQITDDYGLDNFDTQFTSEPVQlfegDDEDVIKRIDQSEFEGFEYINPLLLSAEESV 
PNISGEFGLDNFDSQFTNEPVQI^^liDDDIVRKIDQSEFEGFEYINPLLMSAEECV 
*:*: . : : : ; * * * * * * * * * * * * * * * * ; * * * * . *

T410 PKC £ T560 PKC £

T403 PKC i T555 PKC i

Fig 4.12
Alignm ent of the Phosphorylation sites in the  A typical PKCs
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Phosphorylation Sites of PKC i
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Fig 4.11). Total lysates were analysed by SDS-PAGE.



PKC i  is active in serum  m aintained cells. How much further PKC i  can  be  
activated w as not investigated. The role of the insulin is contrary to 
expectation. PKC i h as been  docum ented a s  being activated by PI3K 

(Akimoto et al., 1996). Thus insulin should potentially in c rease  
phosphorylation. T hese  results may reflect a  slow turnover rate of PKC i 
phosphorylation. Similarly to PKC £, the only extensive accum ulation of 

p hosphate  in the activation loop site occurred on treatm ent with okadaic acid. 
Thus the  PKC i  activation loop site is sensitive to PP1 or PP2A p h o sp h a ta ses . 

As observed for PKC £, the TP site is insensitive to th e se  p h o sp h a tases . The 
two atypical PKCs ap p ear to behave similarly in resp o n se  to various cellular 

treatm ents.

4.8  Determining the Properties of the Phosphorylation Site 
mutants

The physiological role of the  PKC £ phosphorylation site m utants w as 
exam ined in two ways. Firstly by looking at the effects of the m utants on PKC 
5 and secondly, by studying their cellular localisation by 
im m unofluorescence. Since the aPK Cs do not require the  “FSY” site kinase, it 
is possible that they have specifically evolved the role of phosphorylating the 
o ther PKCs in this hydrophobic site. It is known that activation loop site 

m utants act in a  h e te rogeneous m anner and inhibit phosphorylation of o ther 
PKCs, not just their own subfamily m em bers (G arcia-Param io et al., 1998). 
The activation loop site m utants of PKC £ inhibited PKC a  phosphorylation 

greatly. From th e se  observations, initial experim ents w ere carried out to 
determ ine if other PKCs affected phosphorylation levels of PKC No 

differences w ere observed, however, interesting effects w ere noted on PKC 5 
phosphorylation when exp ressed  with PKC PKC 6  activation loop (T505) 

and FSY site (S662) phosphorylation is increased  on TPA stimulation. 

However, the  PKC £ EE m utant further increased  FSY site phosphorylation in 
a  TPA -dependent m anner (Figure 4.14A). Moreover, when the  T410A inactive 

PKC £ construct is exp ressed  with PKC 6 , this increase  in FSY site 
phosphorylation is not observed  (Figure 4.14B). This show s that the  EE 
m utant is active and su g g es ts  that PKC £ (directly or indirectly) 
phosphorylates this site in vivo.

PKC £ a sso c ia te s  with PKC a  or PKC 8  weakly (Figure 4.15) in a  TPA- 

d ependen t m anner on co-immunoprecipitation. W hether this corre la tes with
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Fig 4.14
The phosphorylation state of PKC 8, co-expressed with PKC £ and PKC £ phosphorylation 
site mutants
293 cells were transfected with PKC 8 and either wild-type PKC £ or constitutively active PKC 

Cells were treated with 400nM TPA for 20min or left untreated and then samples harvested 
into lysis buffer. The levels of PKC 8 phosphorylation were analysed by SDS-PAGE (Fig 4.14A). 
The effects of the PKC £ T410A mutant on PKC 8 phosphorylation were also analysed (Fig 
4.14B).
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Complexing of PKC isoforms
293 cells were transfected with either myc-tagged PKC a  or PKC 8, co-expressed 
with PKC Cells were treated with TPA (400nM for 15min) or left untreated before 
immunoprecipitating the myc-tagged protein. Any PKC £ bound to the precipitated 
protein was analysed by Western blotting.



Fig 4.16
Cellular Localisation of the PKC £ phosphorylation site mutants
293 cells w ere see d e d  on collagen-coated coverslips and transfected  with 
m yc-tagged PKC £ phosphorylation site m utants. PKC £ constructs w ere 
visualised by staining with a  secondary  FITC-coniugated antibody. Actin w as 

stained  with phalloidin.
Lanes:- A. T410A, B. T410E, C. EE, D. T560E, E. wild-type PKC ?
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PKC rc constructs actin staining

Fig 4.16



PKC ^ being the  FSY site kinase or just being assoc ia ted  with activated PKC 
a  or PKC 8  h as  yet to be determ ined.

4 .9  Immunofluorescence

The phosphorylation site m utants ap p ea r to be cytosolic in localisation 

(Figure 4.16). Cells transfected  with Ala m utants ap p ear som ew hat unhealthy. 
The TP site m utant (T560E) ap p ea rs  to give cells pseudopodia . T410E 
transfected  cells have ruffled m em branes, however, such effects may not b e  

exclusive to transfected  cells. PKC £ may initiate an  autocrine re sp o n se , 

which would explain th e se  effects. The EE transfected  cells detach  readily 

from collagen-coated  coverslips and ruffled m em branes w ere o bserved . 
Clearly, PKC £ m ediates cytoskeletal organisation but not by direct 

colocalisation with actin. It will be interesting to investigate which cytoskeletal 
com ponents a re  dow nstream  of PKC £■

4 .10  Discussion

In this chapter, several different tools have been  developed to help to 
elucidate the role of phosphorylation in the activation of aPK Cs. Firstly 
phospho-specific antibodies have enabled  direct analysis of th e  
phosphorylation state  of PKC ^ in a  cellular environm ent. Second ly , 
phosphorylation site-specific m utants have furthered the understanding  of 
how the  phosphorylation sites correlate with protein activity and stability.

Clearly, aPK C s can  undergo phosphorylation in the two conserved  priming 
sites. The activation loop and T560 sites are  phosphorylated in active PKC 
PKC ^ phosphorylation is unaffected by serum  starvation. However, the  

extensive accum ulation of phosphate  in the activation loop site on OA 

treatm ent dem onstrates the potential for greatly increased  phosphorylation in 

the  T410 site, possibly by 1 0 -fold. No stimulus tried here resulted in dram atic 

in c reases  in T560 site phosphorylation.

This chap ter pinpoints technical difficulties in studying PKC £ activity in vitro. 

The recovery of activity is not consistent for particular PKC £ constructs. This 

m akes it im possible to rigorously com pare activity and phosphorylation. T he 
stability of the phosphorylation site m utants in vitro is also problematic. Whilst 
being inactive in in vitro a ssay s, the phosphorylation site m utants have b e e n  
shown to be active in cells, a s  dem onstrated  by phosphorylating or indirectly 

mediating PKC 5 phosphorylation, in the  FSY site. An “in cell” k inase a s sa y  or
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cellular readout of PKC £ activity is required, without too m any cellu lar 
m anipulations, to answ er several specific activity questions. However, a s  is 

shown in the following chapter, T410 site phosphorylation d o es  result in 
activation. Therefore, monitoring T410 phosphorylation levels d o es  reflect 
activity. By being able to view phosphorylation levels by W estern analy sis  
and correlate this to activity, this will m ake a  straightforward a ssa y  for the 

activation state  of the protein. None of the agonists te sted  resulted in an  

increase  in T410 site phosphorylation of either PKC i or PKC £. Thus, no 

acu te  activation w as observed. This is particularly surprising for insulin, given 
the  docum ented activation of PKC £ by insulin (Liu et al., 1998; M endez et al., 
1997). However, having the tools to determ ine the phosphorylation sta te  of 

aPK C s under various stimuli, will help elucidate upstream  activators and  
identify aPK C -m ediated signalling pathw ays.

Looking at the m echanistic details of PKC £ phosphorylation, the 

phosphorylation site m utants dem onstrate  a  co-operativity betw een  the 
activation loop and TP sites. W hat role the T560 site plays in activation is 

unclear. Is it an autophosphorylation site which mirrors T410 
phosphorylation? The increase  in activation loop site phosphorylation on OA 
treatm ent is not mirrored by an increase in phosphate  incorporation in the  TP 
site. The bacterial protein expression will help to answ er the  
autophosphorylation question. It is possible that this site is constitutively 
phosphorylated under th e se  growth conditions used  in th e se  experim ents. 

Alternatively, this site may be regulated by a  kinase, since lipid treatm ents 
a lone failed to result in significant in c reases in phosphorylation. It will be  
interesting to determ ine which p h o sp h atase  regulates this site. However, the 
T560 site may just be basally phosphorylated and never occupied to a  
g rea ter extent. Therefore, from the m utagenesis studies p resen ted  here, it 

a p p ea rs  that occupation of the T560 site is important for the su b se q u e n t 

phosphorylation of the T410 site.

From the data  p resen ted  in this chapter, it ap p ea rs  that PKC £ is unique in 

com parison to all other PKCs. PKC £ T410 site phosphorylation is inducible 

and dynamically regulated by p h o sp h atases . This differs from PKC a , which 

a p p ea rs  to be constitutively phosphorylated under similar growth conditions. 
This introduces the interesting question of w hether all PKCs are  differentially 

regulated or do they need  to follow a  similar m echanism  of activation? Are 
phosphorylation even ts a  sub-group dependen t p henom ena?  Even PKC 8  

ap p ea rs  to be regulated in a  different m anner to the aPK Cs. However, 
fundam entally, all PKCs require phosphorylation of the priming sites  for
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activation and stability of the conformer. How this is regulated in detail by 
other factors (scaffold proteins, lipid inputs, p h o sphatases) h as  yet to be  
clearly elucidated. PKC £ d oes not ap p ear to undergo dow nregulation and  
degradation, instead regulation of PKC £ phosphorylation is m ore acute.

The phosphorylation site m utants of PKC £ which bypass the a s  yet 
unidentified controls on the T410 site (E,EE mutants), have biological and  

biochem ical effects consistent with elevated function. T hese  w ere ob serv ed  
a s  firstly, promotion of PKC 8  S662 phosphorylation and secondly, 

m orphological effects on the actin cytoskeleton. The role PKC £ plays in 

cytoskeletal organisation is unknown, but results here dem onstrate  that 

constitutively active forms of PKC £ result in cell detachm ent. T here  is 

increasing evidence that PKC £ translocates to or is a ssoc ia ted  with certain  

cytoskeletal com partm ents (Saxon et al., 1994). PKC £ h a s  been  found to be  

asso c ia ted  with actin (Gom ez et al., 1995), tubulin (G arcia-Rocha et al., 
1997), m icrotubules, more specifically, spindle fibres (Lehrich and Forrest, 
1994), or assoc iated  with cellular adhesion, tight junctions (D odane and  
Kachar, 1996; Stuart and Nigam, 1995). W hether PKC £ regulates cortical 
actin or the formation of tight junctions is unclear. While of interest, th e se  
effects are  com plicated by the need  for transfection. Conditioned m edia from 

PKC ^ EE-transfected cells have effects on naive cells (D .Parekh, 
unpublished data). Such autocrine effects, which have also been  ob serv ed  
for R as (McCarthy et al., 1995), m ake it very difficult to trace the proximal 

events.

The dynam ics of PKC y  PKC i activation loop phosphorylation indicate that 
elucidation of the pathw ay operating on this site would give m ore p rec ise  
insight into upstream  regulation. This is elucidated in the next chapter.
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Chapter 5

5.1 Introduction

PKB, also referred to a s  Akt and Rac (Jones et alM 1991), is a  Ser/Thr protein 

k inase which w as identified in 1991 by th ree  different groups. Two g roups 
identified the  kinase on the basis of its kinase domain homology to PKC (73%  
similarity to PKC e) and PKA (68% to the catalytic dom ain (Coffer and  
W oodgett, 1991) and at the sam e time, the  kinase w as identified a s  the  

constitutively active product of an oncogene v-akt in rodent T cell lym phom as 

(a G ag fusion protein a ttached  to cellular Akt, targeting Akt to the m em brane  

(B ellacosa et al., 1991). Several experim ents indicated that PKB w as 
regulated by insulin and growth factors (Alessi et al., 1996), i.e. PDGF, NGF, 

EGF (Franke et al., 1995) and several lines of evidence implicated regulation 
by PI3K. Firstly, PKB h as  an amino-terminal PH (pleckstrin homology) dom ain 
and the lipid products of PI3K (i.e. PI(3,4,5)P3 and PI(3,4)P2) can bind h ere  
(Franke et al., 1997; Freeh et al., 1997; Klippel et al., 1997). W hether inositol 

phospholipids directly regulate PKB activity is still unclear (Jam es et al.,
1996). Growth factor induced activation of PKB is inhibited by either chem ical 
inhibitors of PI3K, e.g. wortmannin (Ui et al., 1995) or co-expression  with 
dom inant negative forms of PI3K or PDGF receptor m utants, which canno t 
bind PI3K regulatory subunits. Moreover, in resp o n se  to insulin and  IGF 1, 
PKB w as found to becom e phosphorylated on two sep a ra te  sites - T308 (the 
Thr residue lies in the activation loop site, s e e  earlier descriptions of the 
k inase domain) and S473 (equivalent to S657 in the hydrophobic region of 

PKC a . Kinase inactivated m utants w ere still phosphorylated, which rules out 
autophosphorylation events. Removal of the pho sp h ates  by incubation with 

p h o sp h a ta ses  (in vitro) resulted in inactivation of PKB. Thus, th e se  two sites 

a re  crucial for PKB activity. The kinase which phosphorylates T308 w as 
identified independently  by two different groups. Both groups u sed  cellu lar 

lysates from either rat brain (S tephens et al., 1998; S tokoe et al., 1997) or 

skeletal m uscle (Alessi et al., 1997) and purified proteins over a  MonoQ 

column and sep a ra ted  fractions w ere tested  for their ability to phosphory la te  
PKB in vitro in a  PI(3,4,5)P3/ATP-dependent m anner. The isolated k inase  

activity w as further purified and cloned and term ed PDK1 (PIP3-d ep en d en t 

k inase 1).

PDK1 is a  63kD protein with an am ino-term inal k inase  dom ain and  a  
carboxy-terminal PH domain (Alessi et al., 1997). The PH dom ain is a  dom ain
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of about 100 am ino acids which h as  similarities to other conserved  PH 

dom ain se q u e n c e s  (even though homology at the seq u e n c e  level is low), 
including an invariant Trp 535 residue. S econdary  structure predictions 
indicate that it is likely to form (3 sh ee t structures and an ex ten d ed  a -  helix, 
consisten t with other known PH dom ain structures (Ponting et al., 1997). The 
kinase dom ain p o s se s se s  several co n sen su s  seq u e n c es  for Ser/Thr k inases, 
including the DLKPEN and DFG (ATP binding) sites, but interestingly a lso  

contains a  putative activation loop site motif. W hether this implies that PDK1 

dim erises and transphosphorylates itself or that this kinase is under the sam e  

p h o sp h ata se  regulation a s  its su b stra tes  is unclear.

The PDK g en e  h as  been  m apped to chrom osom e 16p13.3 (Alessi et al.,
1997). Known intron-exon boundary data  in this region indicates that this 
locus gives rise to alternatively or incompletely spliced transcripts. To date, 
four PDK activities have been  identified (S tephens et al., 1998). The isoform 
described  here  is the full length protein, cloned by D.AIessi and  co lleagues. 

Another isoform is known to be missing the  substra te  recognition region 
(amino acids 238-263) and is a  k inase dead  isoform (S tep h en s et al., 1998). 
PDK1 is hom ologous to a  Drosophila protein, DSTPK61 (54% identical in the 
catalytic dom ain and 61% in the  PH domain). DSTPK61 is differentially 

spliced and en co d es  a  Ser/Thr kinase, however, its role in signalling h a s  not 
been  estab lished . It plays a  role in sexual differentiation, o o g en esis  an d  
sperm ato g en esis  (Alessi et al., 1997). It will be interesting to s e e  if there  is 
any functional connection in m am m alian cells. Elucidation of its role in 
signalling m ay give insights into how PDK1 is regulated.

PDK1 phosphorylates and activates PKB a  in vitro (0.4-0.6 m oles of 

p hosphate  a re  incorporated in the  p resence  of PC /PS and PI(3,4,5)P3 ) and in 

vivo (im m unoprecipitated material from transfected  PKB and PDK1 in 293 

cells show s a  20 fold increase  in activity). The site which is phosphory lated  
w as identified by tryptic digestion and phosphopeptide  m apping. A nalysis 

show s that PDK1 only phosphorylates T308. The other site known to be  

sensitive to PI3K regulation is S473, which is not phosphorylated by PDK1 
and the activity of a  T308A m utant cannot be altered by PDK1.
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PKC a ■ fc gt pdy ia pe iia yq pyg ks vd wwa yg vll ye mla gq pp fdg ed----
PKC 6 gFCGTPDYIAPEILQELEYGPSVDWWALGVLMYEMMAGQPPFEADN-----
PKC £ Sfc gt pny ia pe ilr ge eyg fs vd wwa lg vlm fe mma gr sp fdi it— DN
PKC i gpCGTPNYIAPEILRGEDYGFSVDWWALGVLMFEMMAGRSPFDIVGSSDN
PKB ■FCGTPEYLAPEVLEDNDYGRAVDWWGLGWMYEMMCGRLPFYNQD----
p70S6K JFCGTIEYMAPEILMRSGHNRAVDWWSLGALMYDMLTGAPPFTGEN-----

* * * * *  ; * ; * * * ; ;  * • *  *  *  *   ̂ *  *  *

PKC a -----EDELFQSIMEHNVSYPKSLSKEAVSICKGLMTKHPAKRLGCGPE-
PKC 6 -----EDDLFESILHDDVLYPVWLSKEAVSILKAFMTKNPHKRLGCVAAQ
PKC £ PDMNTEDYLFQVILEKPIRIPRFLSVKASHVLKGFLNKDPKERLGCRPQT
PKC L PDQNTEDYLFQVILEKQIRIPRSLSVKAASVLKSFLNKDPKERLGCHPQT
PKB  HEKLFELILMEEIRFPRTLGPEAKSLLSGLLKKDPTQRLGGGSE-
p7 0S6K  RKKTIDKILKCKLNLPPYLTQEARDLLKKLLKRNAASRLGAGPG-

# • • • • • •  # * m
PKC a -GERDVREHAFFRRIDWEKLENREIQPPFKPKVCGK-GAENFDKFFTRGQ
PKC 8 NGEDAIKQHPFFKEIDWVLLEQKKIKPPFKPRIKTKRDVNNFDQDFTREE
PKC £ -GFSDIKSHAFFRSIDWDLLEKKQTLPPFQPQITDDYGLDNFDTQFTSEP
PKC L -GFADIQGHPFFRNVDWDMMEQKQWPPFKPNISGEFGLDNFDSQFTNEP
PKB -DAKEIMQHRFFANIVWQDVYEKKLSPPFKPQVTSETDTRYFDEEFTAQM
p7 0S6K -DAGEVQAHPFFRHINWEELLARKVEPPFKPLLQSEEDVSQFDSKFTRQT

• ★★★ J * I * | # # * * * *
PKC a PVIIPPDQL-VIANIDQS---DFEGFSYVNPQFVHPILQSAV--------
PKC 8 PIiBlVDEA-IIKQINQE---EFKGFSYFGEDLMP----------------
PKC £ VQljpPDDED-VIKRIDQS EFEGFEYINPLLLSAEESV—  -------
PKC i VQIMPDDDD-IVRKIDQS---EFEGFEYINPLLMSAEECV----------
pkb itJ pp dq dds me cv dse rr phf pq fs ysa sg ta-----------------
p7 0S6K PVEgPDDST-LSESANQV FLGFTYVAPSVLESVKEKFSFEPKIRSP

0  0

Q  C -term inal "FSY" s ite  (n o t fo r atyp ical PKCs)

Q  A ctiva tio n  loop s ite  - PDK1

Q  TP site

Fig 5.1
Conservation of the Activation loop Threonine Phosphorylation sites in the AGC Family 
Members



The role inositol lipids play in PDK1 activity and substra te  specificity will b e  
d iscu ssed  in m ore detail below.

5.2  Atypical PKCs

Atypical PKCs differ from all other PKCs in that they have a  charged  am ino 
acid, a  glutamic acid, in the m ost C-terminal phosphorylation site. It h a s  b e e n  
shown that a  negative charge in all other PKCs and ACG kinases, in the  form 
of a  phosphate  group, is important in this position, for exam ple (Orr an d  

Newton, 1994). This site is believed to be phosphorylated by an a s  yet 

unidentified k inase. W hether it is an evolutionary advan tage  for the  atypical 

PKCs to bypass this kinase and consequently  be  under le ss  stringent 
regulation is unknown. However, if you relate all the m odels w e h av e  

concerning PKC a , it would imply that the first phosphorylation even t for the  
aPK C s involves activation loop site phosphorylation. C onservation of a  

num ber of phosphorylation even ts in m em bers of the AGC kinase subfam ily 
and  activation loop site conservation (Figure 5.1) led us to question w hether 

the  recently identified PKB upstream  kinase, (PDK1), w as responsib le for th e  
activation loop phosphorylation of PKC isotypes.

5 .3  In vitro Activation of PKC £

To identify if PKC £ is a  substrate  for PDK1, initially in vitro experim ents w ere  
carried out. GST tagged PDK1, purified a s  described in (Alessi et al., 1997) 
w as incubated together with baculovirus exp ressed  PKC £ and the activity 
(m easured  by incorporation of [32P-y] ATP) and the activation loop site 

occupation w as monitored using phospho-antibodies.

Figure 5.2A show s that there is clearly an increase in PKC £ phosphorylation 

paralleled by an increase in T410 site phosphorylation (Figure 5.2B) w hen  

PKC £ is incubated with PDK1. This suggests  PKC £ is phosphorylated  by 
recom binant PDK1. The maximum stoichiometry of phosphorylation is 2 
mol/mol. This represen ts not only the activation loop site phosphorylation but 

also  phosphate  incorporation into autophosphorylation sites in PKC £. PKC £ 

phosphorylation by PDK1 activated the protein five-six fold, a s  determ ined by 

phosphorylation of a  pseudosubstra te  site peptide (Figure 5.3). Lipids h ad  

little effect on phosphorylation and activation in vitro.
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Fig 5.2
In vitro phosphorylation of PKC £ by PDK1
Incubations were carried out in the presence ot 100pM phosphatidylserine (PS), 10|aM phosphatidyiinositol- 
3,4,5-phosphate (PlPo), 100nM phosphatidylcholine (PC) and 0.5 p.M phorbol ester (TPA). Incorporation 
of 32P- ortho-phosphafe (Fig 5.2A) enabled determination of the stoichiometry of phosphorylation. Increase 
in the activation loop (T410) site phosphorylation is measured using phospho-specific antibodies (Fig 5.2B).
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Activity of PKC t .was measured by phosphorylation of a pseudosubstrate peptide. PKC t, and PDK1 were 
pre-incubated with and without lipids (see Fig 5.2). PKC £ kinase
Materials and Methods.

assay was carried out as described in



5 .4  In vivo Activation of PKC £

The da ta  above dem onstrates that in vitro, PDK1 can act a s  an activation loop 
k inase for PKC To identify if PDK1 can increase PKC £ phosphorylation in 

vivo, PDK1 and PKC £ w ere co -expressed  in 293 cells. Figure 5.4 
d em onstrates  that when PDK1 and PKC £ are co -expressed , PKC £ 
phosphorylation in the  activation loop site occurs. Removal of the PH dom ain 
of PDK1 d o es  not affect its functionality. W hen the PDK1 kinase dom ain alone 

is exp ressed , T410 site phosphorylation is highest (when PKC £ is e x p re ssed  

alone, the basal level of T410 phosphorylation is very low, s e e  below).

Several proteins which are  substra tes  for k inases can  also  bind the  kinase. 

This may be true for PDK1 and PKC PDK1 m ay need  to recognise and  bind 
to a  certain region of PKC £ before being able to phosphorylate the  activation 
loop site. To ad d ress  this question, myc tagged  PDK1 constructs w ere 

ex p ressed  with PKC £ and imm unoprecipitated.

Deletions within the PDK1 cDNA reveal that the kinase dom ain of this protein 
is not only sufficient but com plexes most strongly with PKC £ (Figure 5.5). The 
N-terminal deletion of PDK1 d oes not ex p ress  a s  well a s  the full length 

construct which explains the reduced PKC £ recovery. However, rem oval of 
neither the 50 N-terminal amino acids nor the C-terminal PH dom ain 
influenced co-immunoprecipitation. It is a lso  notable that PDK1 still 
com plexes with PKC C, when the activation loop site is phosphory la ted  
(Figure 5.5B). This su g g ests  that PDK1 d o es  not distinguish betw een  the 

phosphorylated  and dephosphorylated forms of PKC £ and  in d eed  
phosphorylation d oes not result in complex dissociation. It see m s  likely that 

the  binding site is independent of the substra te  recognition site.

The following experim ents w ere undertaken to determ ine w here the  binding 

region is in PKC Various m yc-tagged PKC £ constructs w ere e x p re ssed  in 

293 cells together with full length (EE tagged) PDK1. No co- 

immunoprecipitation of PKC £ with PDK1 w as observed  for either the  Vo or 

the entire regulatory dom ains (Figure 5.6). This is interesting sin ce  it 
su g g es ts  that the interaction is probably not unique to PKC £, since PKCs a re  
m ost highly conserved  in their kinase dom ains and the question of isoform 

specificity m ay be answ ered  by regulatory dom ain binding proteins. 
M utations within the p seudosubstra te  site, which have been  show n to
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Fig 5.4
In vivo Phosphorylation of PKC C, by PDK1
PKC £ was co-expressed with different constructs of PDK1. The protein levels were 
determined using PKC t, antibody and phosphorylation levels on total lysates detected 
using a T410 phospho-specific antibody.
Lanes:- A-full length PDK1; B-PDK (51-556); C-PDK kinase domain (51-404)
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Fig 5.5
PDK1 Complexes with PKC £
Several Myc tagged PDK constructs and non tagged PKC £ were expressed in 293 
cells. PDK was immunoprecipitated with a Myc antibody and any bound PKC C, analysed 
using the PKC £ antibody (Fig 5.5A). The phosphorylation state of PKC £ was visualised 
using the phospho-specific antibodies (Fig 5.5B).
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PKC £ interacts with PDK1
Myc-tagged PKC £ constructs were expressed in 293 cells with EE tagged PDK1. PKC £ was 
immunoprecipitated and bound, unbound and total PDK1 detected by immunoblotting (the same 
cell equivalents were loaded). The levels of PKC £ immunoprecipitated are shown in Fig 5.6B.

Lanes:-A-full length PKC B-pseudosubstrate A119E mutant; C-pseudosubstrate deletion 
A 116-122; D-Vo domain (1-135); E-regulatory domain (1-232); F-kinase domain (232-595)



activate PKC £ and rem ove the autoinhibition by the P S S  on the catalytic site, 
may have a  m ore exposed  activation loop site (P ears et al., 1990). However, 
this had no influence on the extent of com plex formation em phasising  that an  
independen t site is recognised by PDK1. The kinase dom ain alone is 
sufficient for com plex formation betw een PKC £ and PDK1. In fact, PKC £ 

k inase dom ain binds the strongest to PDK1 a s  judged by the extent of 

recovery relative to unbound PDK1 (the kinase dom ain is not ex p ressed  any  
m ore efficiently than other PKC £ constructs). Thus the kinase dom ain of 
PDK1 binds to the kinase domain of PKC £ and activates PKC £ by T410 
phosphorylation.

Clearly PDK1 and PKC £ com plex together by kinase dom ain interactions, 

resulting in activation and an increase  of phosphorylation in the T410 site. 

However, a s  h as  been  seen  in several signalling cascad es , for exam ple, in 
the  MAPK c asc ad e  (in yeast (Whitmarsh and  Davis, 1998) and recently, in 

m am m als (Schaeffer et al., 1998; W hitmarsh et al., 1998), scaffold proteins 
may be required to bring PDK1 and PKC £ into contact. PDK1 m ay possibly 
require a  chap ero n e  protein to recognise PKC Attempts w ere m ade to 
ad d re ss  this issue  and try to identify if any other proteins are  bound to the  
PKC £-PDK1 complex. Using 35S m ethionine immunoprecipitation, various 

com binations of proteins w ere ex p ressed  in 293 cells:- PDK alone or PKC £ 
and PDK1. Any binding proteins w ere visualised by autoradiography (in 
com parison to vector alone) (Figure 5.7). No obvious binding partners w ere  
identified above background for PDK1 or PKC C/PDK1. If m yc-tagged PKC £ 
is ex p ressed  with PDK1 (EE tagged), PDK1 is pulled down, further confirming 
the  interaction. PDK1 exp ressed  with PKC £ may have a  slightly in c reased  
m olecular weight, suggesting  potential phosphorylation and activation of 

PDK1 by PKC It is still possible that PKC £-PDK1 may recruit o ther proteins 

but this may require the p resen ce  of a  m em brane or occur only on 

stimulation.

To exam ine in m ore detail if the PDK1-PKC £ interaction is affected by the  
phosphorylation s ta te  of PKC £, various phosphorylation site m utants of PKC 

£ w ere co -exp ressed  with PDK1 (Figure 5.8). It m ay be possible that if T560 
autophosphorylation follows T410 phosphorylation, this phosphorylation 

event may c au se  PDK1 to dissociate from PKC However, 
im m unoprecipitation experim ents su g g est that phosphorylation or lack of it in 

any site d o es  not affect the interaction with PDK1. Thus the  PDK1 binding
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PDK1

Fig 5.7
The PKC £ -  PDK1 Complex
Myc-tagged PDK1 or PKC t, were expressed in 293 cells (left hand side) under 35S-methionine labelling 
conditions (see Materials and Methods) and immunoprecipitated. All proteins were compared to vector 
controls (right hand side) for each immunoprecipitation experiment.

In Fig 5.7A, myc-tagged PDK1 alone was expressed. In Fig 5.7B, myc-tagged PKC £ was expressed 
w ith  untagged PDK1. In Fig 5.7C , m yc-tagged  PKC £ and PDK1 w ere exp ressed .
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Fig 5.8
PDK1 binds to the Phosphorylation Site Mutants
Several myc-tagged phosphorylation site mutants were expressed with EE-tagged PDK1. 
Myc tagged proteins were immunoprecipitated and any bound or unbound PDK analysed 
by Western blotting (Fig 5.8B). Amounts of immunoprecipitated proteins are equal (Fig 
5.8A).



PKC t, IKISQGLGLQDFDLIRVIGRGSYAKVLLVRLKKNDQIYAMKVVKKELVHDDEDIDWVQ

TEKHVFEQASSNPFLVGLHSCFQTTSRLFLVIEYVNGGDLMFHMQRQRKLPEEHARFYAA
CGTPNYI

Kinase domain
(Amino acids 241-595) EICIALNFLHERGIIYRDLKLDNVLLDADGHIKLTDYGMCKEGLGPGD

APEILRGEEYGFSVDWWALGVLMFEMMAGRSPFDIITDNPDMNTEDYLFQVILESPIRIP
RFLSVKASHVLKGFLNKDPKERLGCRPQTGFSDIKSHAFFRSIDWDLLEKKQTLPPFQPQ
ITDDYGLDNFDTQFTSEPVQL^HDEDVIKRIDQSEFEGFEYINPLLLSAEESV

■  Activation loop site (T410)

■  TP site (T560)

M  Potential PDK1 binding site

Region unique to the atypical PKCs

Fig 5.9
The Hypothetical Binding Site of PDK1 to PKC £



site is elsew here in the kinase domain. D.AIessi carried out a  two-hybrid 
sc reen  with PDK1 and pulled out a  fragm ent of PRK2, binding occurring in a  

C-terminal region of PRK2 (personal communication). The equivalent region 
in PKC £ is highlighted in Figure 5.9. Potentially, PDK1 m ay bind PKC £ in this 

sam e  region. Interestingly, this region is close to a  region which is distinct in 

PKC £ in com parison to all o ther family m em bers. This may imply so m e  

unique influence on the site of interaction.

5.5 PDK1 appears to be the Activation loop kinase for the 
entire PKC Family

Since all the PKCs have similar activation loop sites, hypothetically an  

activation loop "PKC £ kinase" would be able to act on the  other PKCs also . 

Physiologically, such a  kinase could be regulated differently for the  individual 
PKC isoforms or there may be a  sub-family of “PKC k inases” which m ay 

recognise specific PKC isoforms, by either recognising the  different regulatory 

dom ains, which seem s unlikely from the PDK1/ PKC £ IP data, w here th e  
k inase domain alone is sufficient for interaction. However, the following 

experim ents w ere undertaken, initially in vitro, to determ ine w hether PDK1 

also  phosphorylates other PKC m em bers. Bacterially ex p ressed  PKC 5 
(which h as low activation loop site occupancy) w as incubated with GST- 

tagged  PDK1 (Figure 5.10). PKC 5 is not phosphorylated a s  strongly a s  PKC 
£, possibly due to the lack of prior phosphorylation in the  C-terminal “FSY” 
site. This lack of occupancy of all three priming site phosphorylations can  
lead to protein instability. However PDK1 does increase  T505 site 

phosphorylation. PKC 5 activity increased two-fold at 0.2 mol/mol but b e ca m e  
inactivated on prolonged incubation (observations by Dr W. Ziegler).

As observed for PKC £ , the other PKCs - classic, novel and  the o ther atypical 
PKC (PKC i) - could be co-im m unoprecipitated with co -ex p ressed  PDK1 
(Figure 5.11). PDK1 w as not im unoprecipitated in either the vector control or 

by ano ther kinase, myc tagged  Raf. Therefore, PDK1 displays a  broad but 
selective specificity for interaction with PKC isotypes. As w as see n  for PKC £, 

the  classical and novel PKCs (PKC pH and PKC e being an exam ple of each ) 

bind to the kinase domain of PDK (Figure 5.12).
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In vitro Phosphorylation and Activation of PKC 6 by PDK1
Bacterially expressed PKC 6 was incubated with GST tagged PDK1. The assay was carried out 
as in Fig 5.2. Incorporation of 32P phosphate determines the stoichiometry of phosphorylation 
(Fig 5.10A) and activation loop site phosphorylation (T505) is measured by phospho-specific 
antibodies (Fig 5.10B).
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PDK1 complexes with classical and novel PKCs
Myc-tagged classical and novel PKCs were expressed with non-tagged PDK1. Any 
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T h e  k i n a s e  d o m a i n  of  PDK1  c o m p l e x e s  w i t h  c l a s s i c a l  a n d  n o v e l  P K C s
C lass ica l and novel PKCs, in the form  of PKC pi and PKC e respective ly , were 
expressed with myc-tagged PDK1 full length or kinase domain proteins. Amounts of PKCs which 
bound to PDK1 were detected by the specific PKC antibodies.



5.6  Regulation of the Activation loop phosphorylation of PKC £

PDK1 w as originally identified a s  a  PIP3-dependent k inase activity. Therefore, 
the  next experim ents w ere carried out to identify which lipids a re  important for 
the optimal activity of PDK1 and also for PKC. Allosteric effectors, in the form 

of DAG for c/n PKCs, initiate activation by causing m em brane translocation 

and contribute tow ards removing the P S S  from the catalytic active site. 

Experim ents with PKC 6 estab lished  that in vitro both PI(3,4,5)P3 (for PDK1 

activation) and TPA (for PKC 5 activation) are  required for the h ighest PKC 8 

T505 phosphorylation by PDK1 (Figure 5.13, experim ents carried out with Dr 

W. Ziegler).

PDK1 is activated m ost strongly by PI(3,4,5)P3 (not PI(3,4)P2) (S tephens e t al., 

1998). Trying to pinpoint which lipids are  important for PKC £ activation w as 

not so  straightforward. Previous experim ents have estab lished  that aPK C s 
are not sensitive to DAG/TPA (Ways et al., 1992). Several lipids w ere 
incubated with PDK1 and PKC £ to determ ine what results in maximal T410 

phosphorylation of PKC No lipids tested  (ceram ide, sphingosine, PI(4,5)P2 
or phosphatidic acid) or TPA, gave an increase in PKC £ activity above that of 
mixed brain lipids. This su g g ests  that either we have not identified the  specific 
lipid required to maximally activate PKC £ or the lipid presentation  is not of 
the correct conformation for recognition by PKC Alternatively, PKC £ m ay 
have a  different m echanism  of “opening its structure” and exposing the  

activation loop site. Protein-protein interaction may be required to bind to the 
P S S  region (for exam ple, ZIP/p62 (Puls et al., 1997; S an ch ez  et al., 1998) or 

several proteins have been  identified which bind specifically to the aPKC zinc 
fingers), resulting in re lease  from autoinhibition and su b seq u en t activation.

As h as  been  shown previously, PDK1 is activated by biologically relevant 

s tereo isom ers of PIP3 thus the upstream  activator of PDK1 m ust be PI3K. 

Therefore, in vivo it would be expected  that the PI3K inhibitor, LY 294002  

(Vlahos et al., 1994), would inhibit the action of PDK1. To test this hypothesis, 
PDK1 and PKC £ w ere co-expressed  in 293 cells and the cells serum  starved  

for 24h before the LY com pound w as added  (10pM for 1h). C o-expression of 
PDK1 and PKC £ increases T410 phosphorylation in com parison to w hen  

PKC £ is ex p ressed  alone (Figure 5.14A). This activation loop 
phosphorylation is inhibited by the LY com pound. Moreover,
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Fig 5.13
Lipids mediate PKC 6 Phosphorylation by PDK1
The in vitro assay was carried out as previously described for Fig 5.2. PKC 6 and PDK were 
incubated together in the presence of various lipids and TPA. The PI(4,5)P2 concentration used 
was 10pM and TPA 0.5^iM. Levels of T505 phosphorylation were measured using phospho- 
specific antibodies (*P<0.05, from three experiments).
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LY 294002 inhibits PDK1 induced and endogenous PKC £ T410 site Phosphorylation
Fig 5.14A shows a Western for T410 occupation in PKC C, transfected cells, with and without 
PDK1 as indicated. LY 294002 (LY) was added to cells for 1h prior to harvest. A long exposure 
(right panel) was required to detect activation loop phosphorylation in the absence of PDK1.

The data was quantified from scanned images and LY treatment inhibited PDK1 phosphorylation 
of PKC^ by 47% and by 53% for the endogenous T410 kinase.

Cell extracts were blotted for endogenous PDK1 (Fig 5.14B). Lanes:- A. 293 cells, B. COS cells, 
C. Swiss 3T3 cells.
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Dependence on PI3K of PDK1 Phosphorylation of PKC £
PKC C kinase domain (A PKC Q was expressed with full length PDK and PDK kinase 
domain and PKC C, were co-expressed in 293 cells. Effects of LY 294002 on the 
activation loop phosphorylation were monitored. The data was quantified and LY 
294002 treatm ent of PKC C kinase (expressed with PDK1) inhib ited T410 
phosphorylation by 65%.
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Fig 5.16
PDK1 affects PKC £ T560 site Phosphorylation
PKC C, was co-expressed with PDK1. Total lysates were analysed by SDS-PAGE. 
The effects of LY treatment were determined on T560 site phosphorylation using 
phospho-specific antibodies.



T410 phosphorylation is d ec rea sed  by incubation with LY 294002, even if 
PDK1 is not overexpressed  with PKC £ (Figure 5 .14A - on a  long exposure). 
Therefore, an end o g en o u s activation loop kinase is being inhibited. 

Endogenous PDK1 is p resen t in 293 cells, a s  well a s  in CO S7 cells but could 
not be detected  in Sw iss 3T3 cells (Figure 5.14B).

There ap p ea rs  to be a  PI3K -dependent step  in the PD K 1-induced 

phosphorylation of PKC PDK1 is itself not inhibited by any PI3K inhibitors, 
how ever lack of PIP3 production is obviously inhibitory. Therefore to m easu re  

w hether the PI3K w as directed at PDK1, PKC or both, LY294002 sensitivity 
w as m onitored in experim ents w here kinase domain constructs of both w ere 

used . In the c a se  of co-expression of PDK1 and PKC ^-kinase domain (lack of 
the regulatory domain implies a  lack of lipid binding sites), phosphorylation of 

the T410 site increased  and a s  observed  for wild-type PKC £, this re sp o n se  

w as sensitive LY294002 (Figure 5.15A). However, PDK1 kinase dom ain 

expression  induced wild-type PKC £ T 410 phosphorylation which w as 
independent of the  p resence  or ab sen ce  of LY294002 (Figure 5 .15B). This is 
consisten t with a  model in which the PI3K step  o p era tes  through the  PDK1 
regulatory (PH) domain.

As the  catalytic activity of PKC £ in c reases  w hen T410 phosphorylation 
increases, it might be expected  that a  concom itant in crease  in 
autophosphorylation occurs. T560 site phosphorylation w as determ ined on 
co-expression of PKC £ and PDK1. W hen activation loop phosphorylation is 

increased, the  TP site is also occupied (Figure 5.16). This phosphorylation is 
inhibited by LY294002 which mirrors occupation of the activation loop site. 

However, since this site d oes not increase substantially on OA treatm ent, s e e  

C hapter 4, phosphorylation of this site may itself be affected by LY treatm ent.

5 .7  D is c u s s io n

The substra te  specificity of PDK1 is expanding rapidly, how ever, not 
surprisingly, it h as  been  limited to the AGC kinase family m em bers. PKB w as 

the first identified substrate  and due to having the sam e  c o n se n su s  

seq u en ce , TXCGTX(E/D)YXAPE, p70S6K (Alessi et al., 1998; Pullen et al., 

1998), PKC (Chou et al., 1998; Dutil et al., 1998; Le Good et al., 1998), PKA 
(Cheng et al., 1998) and PKB p and y isoforms (Walker et al., 1998) w ere a lso  

found to be also  phosphorylated by PDK1. PKC £ and PDK1 form a  k inase- 
k inase dom ain com plex and sub seq u en t increases in T410 phosphorylation 
and PKC £ activation w ere observed. In the literature, the aPK C s have b een
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found to be regulated by PI(3,4f5)P3 (Akimoto et al., 1996) but in the  c a se  of 
PKC £, this issue h as  been  som ew hat disputed in vitro (Nakanishi et al., 
1993; Palm er et al., 1995). The regulation by lipids may be explained by the 
source  of PKC £. W hen it is purified from a  tissue source, com plexed PDK1 

may also  be isolated and may m ake PKC £ ap p ea r to be stim ulated by 

PI(3,4,5)P3. In com parison, in vitro experim ents using baculovirus PKC £ do 

not show  a  m arked PI(3,4,5)P3-dependent activation. D ata in this chap ter 

dem onstrates that PKC £T 410  site phosphorylation is clearly sensitive to the 

PI3K inhibitor, LY 294002. This w as found to be directed at the PH dom ain of 

PDK1 since expression of the PKC £ kinase domain and PDK1 w as still LY 

sensitive. Therefore, it can be concluded that the role of PI(3,4,5)P3 in PKC £ 

activation is channelled in vivo through PDK1.

PI(3,4,5)P3 recruitment of PDK1 to the m em brane h as  been  show n in porcine 
aortic endothelial (PAE) cells (Anderson et al., 1998; Currie et al., 1999). 
Under non-stim ulated conditions, PDK1 h as a  diffuse cytoplasm ic staining. 
On PDGF stimulation, PDK1 is localised on the cell surface, i.e. on the  plasm a 

m em brane. This translocation is inhibited by wortmannin and is in d ep en d en t 
of kinase activity of PDK1 (since a  kinase dead  m utant still translocated  to the 
m em brane on PDGF stimulation). If constitutively active PI3K (*p110 PI3K) is 

co -exp ressed  with PDK1, PDK1 is localised on the p lasm a m em brane. 
Moreover, if the  PH dom ain is disrupted (R474A) the m utant is less  active 
than  the wild-type protein and on PDGF activation, PDK1 d o es  not undergo  

translocation but cell ruffling still occurs, indicating resp o n siv en ess  to PI3K 
activated pathw ays. PH dom ains have already been  implicated in recruitm ent 
of signalling m olecules to the cell surface (Lemmon and Ferguson, 1998; 

Lemmon et al., 1996; Lemmon and S chlessinger, 1998). As well a s  
m em brane recruitment, PI(3,4,5)P3 may play a  role in removing steric 
constraints in PDK1 and causing conformational changes. A A PH m utant of 

PKB h as  increased  activity in com parison to the wild-type protein (Kohn et al., 
1996), suggesting  that the PH domain may sterically block a c c e ss  to the 
catalytic site (interestingly, PKC £ h as been  proposed  a s  binding to the PH 

dom ain of PKB (Konishi et al., 1994; Konishi e t al., 1994), but how this affects 

PKB activity is not known). However, the  PH dom ain of PDK1 m ay affect 

activity in an analogous m anner.

It will be interesting to determ ine which extracellular stimuli activate PDK1. At 
present, PDK1 ap p ears  to be constitutively active in vitro (Alessi et al., 1997). 

PDK1 is phosphorylated on four S er residues in unstim ulated cells (including 
S 241, which may be analogous to threonine residues in activation loops)
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and phosphorylation is not increased  on IGF-1 stimulation. However, no d a ta  
dem onstrates levels of PDK1 activity or phosphorylation on m em brane  
localisation (myristolation constructs) or PDGF stimulation. Why two 
potentially PI(3,4,5)P3-inducing effectors, PDGF and insulin, affect PDK1 

activity differently is still unclear. Insulin stimulation of the insulin recep tor 
substrate , IRS-1, can result in translocation to other m em brane  
com partm ents, for exam ple, the endosom al m em brane. Thus, PDK1 m ay not 

be in the  correct cellular location for this stimulation (no im m unofluoresence 
d a ta  w as p resen ted  under th e se  conditions) or substra te  accessibility.

PDK1 phosphorylation of PKC 8 ap p ears  to be substra te  directed. Only w hen 

the  allosteric regulators of PKC 8 are p resen t (DAG or TPA) is the  T505 
phosphorylation optimal (interestingly, this is disputed for the cPK Cs (Dutil et 

al., 1998). S ince the allosteric activators of PKC £ a re  still unknown, this 

hypothesis cannot yet be confirmed for PKC £. The experim ents carried out 
with PKA (the catalytic subunit only) to date dem onstrate  that PDK1 
phosphorylates the T197 site in vitro. In vivo, experim ents could readily 
establish if the  cAMP induced re lease  of the regulatory dom ain autoinhibition 
is sufficient for T197 phosphorylation by PDK1 or if this is also a  PI(3,4,5)P3 
d ependen t reaction. It would also be interesting to s e e  if PDK1 can  bind PKA 

and if this results in removal of the regulatory domain from the active site. It 
would be intriguing to know the role AKAPs might play in this reaction.

For p70S6K, activation by PDK1 is a  more com plex matter. p70S6K requ ires 
phosphorylation of several sites before the activation loop site, T229 can be  
phosphorylated (Pullen and Thom as, 1997). T229 phosphorylation and  

activation by PDK1 w as highest when p70S6K had been  disinhibited by either 

truncation of the  autoinhibitory C-terminal tail (Alessi et al., 1998) or mutation 
of all Pro-directed phosphorylation sites in the C-terminal tail to acidic 

residues or the  T389 to glutamic acid residues (Pullen e t al., 1998). Unlike for 
PKC £ T410 site phosphorylation, T229 site phosphorylation is not sensitive 

to PI3K inhibitors, e.g. wortmannin. However, in vivo, expression  of a  k inase 

dead  PDK1 m utant prevented insulin from activating p70S6K. Therefore, 
clearly there  a re  several different problem s and the  regulation of p 7 0 S6K is not 
straightforward. For maximal activity, T389 phosphorylation m ust occur prior 
to T229 phosphorylation, which is a  PI(3,4,5)P3-dependent event. However, 
even  if the su b seq u en t activation loop site phosphorylation by PDK1 is 
activated in a  PI3K -dependent m anner, structural constraints and  self­

inhibition of p70S6K may affect activation and m ask interpretation of how 
phosphorylation is regulated. p70S6K may not require PI(3,4,5)P3-m ediated
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m em brane localisation for activation. However, it h a s  been  su g g es ted  that 
p70S6K is recruited to the m em brane through its interaction with Rac1 or cdc42 

(Chou and  Blenis, 1996), w hether this in c reases T229 phosphorylation is 
unclear. Interestingly, PDK1 interaction with PRK is R ho-dependent (P.Flynn, 
unpublished data). p70S6K may also require prior protein interaction and  

m em brane targetting before it is accessib le  to PDK1. For p70S6K activation, 

since it requires sequential inputs and is regulated at several different s tag es , 

it m ay not be the  sim plest c a se  to solve in term s of PDK1 regulation.

W hat model can be env isaged  for PDK1 activation of the aPK C s? PKC in 
unstim ulated (but serum  m aintained) cells, h as  som e activity and  can  

com plex with PDK1. It is possible that this binding (which is hypo thesised  to 

occur n ear the end of the kinase domain) overcom es autoinhibition by the 
PS S , circumventing the requirem ent for m em brane activation. M em brane 

translocation h as  not been  seen  consistently for PKC £ (Dang et al., 1994; 
T ippm eret al., 1994), however, m em brane targeted  PKC £ (by myristolation) 
in serum  starved cells h as been  shown to increase T410 site phosphorylation 

(Chou et al., 1998). This would suggest that m em brane recruitm ent is 
required for increased  activation of PKC £ and that this reflects co-recruitm ent 
of PDK1 in a  PI3K-dependent m anner. PDK1 binds PKC £ in the cytosol and it 
is likely that su b seq u en t m em brane targeting is PDK1-PI(3,4,5)P3 directed  
(see  Figure 5.17). W hat factors are important for the  dissociation of the 
com plex rem ains to be determ ined. Clearly mutation of the T560 site to a  

glutamic acid is not sufficient and it ap p ea rs  that the phosphorylation s ta te  of 

PKC £ d o es  not initiate dissociation.

The role PDK1 plays in the phosphorylation of the other PKCs is probably 
slightly different. C lassical and novel PKCs are  localised to the m em brane in 

a  well-defined DAG-dependent m anner. DAG or other PKC allosteric effectors 

en su re  a  m ore readily accessib le  activation loop and su b seq u en t PI(3,4,5)P3- 
m ediated interaction via PDK1 m ay help stabilise m em brane localisation and  

enab le  activation loop phosphorylation. The role of PDK1 plays in interacting 

with cPKCs m ay be a s  that of a  scaffold protein to stabilise inactive cPK Cs 

prior to phosphorylation. It will be interesting to s e e  if phosphorylation can  still 

occur if the PDK1 binding site in PKC is deleted.
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Fig 5.17
PDK1 -m ediated A ctivation  of PKC £



Since there a re  so  m any inputs into the PKB, PKC and p70S6K pathw ays, the 
answ ers may com e from more detailed analysis of PDK1 itself. If a  different 
readout for PDK1 activity, independent of substrate  phosphorylation can  be  

discovered, substrate-k inase  regulation scenarios can be unravelled. 
However, from the results dem onstrated  here  for PKC 8, phosphorylation of 

the activation loop site lies in the requirem ents of both the  k inase and  
substra te  and correct cellular localisation of both.
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Chapter 6

6.1 Introduction

Why h as  the PKC superfamily becom e so  diverse? W hat determ ines PKC 
isozym e specificity? T hese  are  questions which a re  difficult to answ er. 
B etween all the isotypes (especially betw een classical and  novel PKCs) there  

is no g rea t distinction of cofactor dependencies. The atypical PKCs differ from 

the other PKCs in that they a re  not regulated by DAG. The PKCs do not show  

any particular in vitro substrate  specificity, however, in vivo, individual PKCs 

do m ediate specific and different cellular functions and  c au se  varying 
resp o n ses. Therefore, the preferential targeting of different PKCs to certain  
subcellular com partm ents (Goodnight et al., 1995), either a s  a  result of 

stim ulus induced translocation or by binding to intracellular anchoring, 
scaffold or chaperone  proteins, and differential isozym e localisation is 
probably the key to determ ining the in vivo substra te  specificities of the 

isoforms. For exam ple, PKC a  is found in focal contacts bound to severa l 
cytoskeletal com ponents, i.e. vinculin and talin (Hyatt et al., 1990; Hyatt et al., 
1994).

The literature concerning PKC £ localisation is extensive. PKC £ is localised  
in different cellular com partm ents dependent on cellular stimuli. For exam ple, 
PKC £ is reported to be primarily cytosolic in unstim ulated astrocytes and  yet 
is translocated  to the m em brane on addition of ceram ide or 
sphingom yelinase (Galve-Roperh et al., 1997). Nuclear translocation of PKC 
£ occurs during ischem ia in rat hearts and is blocked on incubation with 

wortmannin (Mizukami et al., 1997). In a  rat pheochrom ocytom a cell line, 
PC12 cells under nerve growth factor (NGF) stimulation, PKC £ is found to be  

localised to the nuclear matrix (Wooten et al., 1997). Moreover, stimulation of 

adipocyte differentiation with insulin or m itogens stim ulates nuc lear 

localisation (La C asa  et al., 1995), indicating that m ovem ent of PKC £ to the 
nucleus is not restricted to a  specific growth factor. Indeed, nuc lear 

localisation of PKC £ h as  been  linked to cell cycle regulation. PKC £ w as 

located in the nucleus in G2 arrested  U937 cells (Kiley and Parker, 1995). 
This w as also the c a se  in Sw iss 3T3 fibroblasts w here transient nuclear PKC 
£ localisation w as observed  a s  the fibroblasts transited from G2 into m itosis 
(Kiley and Parker, 1995).
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S everal o ther PKCs have been  docum ented a s  being localised to the 
nucleus in a  stim ulus-dependent m anner. The nucleus offers a  wide range of 
potential PKC su b stra tes  (Chuang et al., 1987; S am uels  et al., 1989). For 
exam ple, laminin B, a  nuclear envelope protein, is well docum ented a s  being 

regulated  by PKC |3II phosphorylation during mitotic lamina d isassem bly  

(H ocevar et al., 1993; Hocevar and Fields, 1991). The nucleus con tains 

severa l of the  com ponents required for PKC activation, for exam ple, nuc lear 

phosphoinositidase C p (Divecha et al., 1993; Martelli et al., 1992; P ayrastre  
et al., 1992) and  several phospholipids are  p resen t in the m em brane (Cocco 
et al., 1989) and calcium is regulated by nuclear lnsP3 channels (S tehno et 
al., 1995; S tehno et al., 1995). Nuclear DAG is formed on 
phosphatidylcholine breakdown and nuclear DAG levels have been  found to 
in crease  on cellular stimulation (Banfic et al., 1993; Buchner, 1995). Recently, 
phosphatidylglycerol, a  com ponent of the nuclear m em brane, previously 
isolated  a s  the nuclear m em brane activation factor (NMAF, (Murray et al., 
1994), w as found to activate nuclear PKC pH (Murray and  Fields, 1998).

How PKC en ters  the nucleus has been  a  topic of much debate . W hether PKC 
h as  a  nuclear localisation signal (NLS) is unclear. Intracellular 
m acrom olecular transport into the nucleus occurs via the nuclear pore 

com plex p resen t in the nuclear m em brane (Pante and  Aebi, 1996). This 
occurs in several different ways:- small proteins (40-60kD) or ions and  
m etabolites can freely diffuse through the aq u eo u s diffusion channel in a  
non-selective m anner into the nucleus. However, larger proteins require 
active import, which is an energy-dependent p rocess. The first s tep  in the 
uptake p ro cess  is now characterised  a s  involving a  classical NLS. T h ese  
h ave  been  classified in several proteins (Dingwall and  Laskey, 1991) but w as 
first identified in the simian virus 40 (SV40) large T antigen (PKKKRKV 

(G arcia-B ustos et al., 1991). The second  c lass  of NLS are  basic  bipartite 
repeats , found in nucleoplasm in (KRPAAIKKAGQAKKKK (Gorlich et al., 
1996). Ankyrin rep ea ts  have also been found to act a s  NLS (S achdev  et al.,
1998). The NLS is recognised in the cytoplasm  by importin a  or karyopherin 
a  (Gorlich et al., 1994; Moroianu et al., 1995; Moroianu et al., 1995) which 
in teracts with importin p (Gorlich et al., 1996). This com plex can  then dock 
onto the  nuclear pore com plex (NPC) w here Ran/TC4 (a R as-related nuclear 
G T P ase, (Melchior et al., 1993; Moore, 1998; Moore and Blobel, 1993) and  
N TF2/p10/pp15 help translocate the NLS protein com plex in a  GTP- 
d ep en d en t m anner into the nucleus. Thus protein import is a  tw o-step 
p rocess. Initial energy-independent substrate  binding to the NPC is followed 
by an energy -dependen t translocation, which is independent of the
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cytoskeleton. O nce inside the nucleus, the complex is d issociated by the  GTP 
form of Ran binding to importin, resulting in re lease  of the transported  protein 
(see  (Nigg, 1997) for a  detailed review). Several RNAs, including viral 
genom ic RNAs and U snRNAs use the sam e  pathw ay for nuclear import 
(Hamm et al., 1990; O'Neill et al., 1995). A second pathw ay for import of 
proteins h as been  identified. A novel NLS signal w as found in a 
he te ro g en eo u s nuclear RNA-binding protein, hn RNP A1. hnRNP A1 w as 

found to shuttle betw een the nucleus and cytoplasm  and the  se q u e n c e  
important in both import and export w as found to be a  38 am ino acid long 

seq u en ce  term ed M9 (Siomi and Dreyfuss, 1995). M9 is recognised by an M9 

specific receptor, transporin which is distantly related to importin p (Nakielny 

and  Dreyfuss, 1996; Nakielny and Dreyfuss, 1998). However, this is not the 

end  of the  story. Variations on the classical N LS-dependent protein import 

have been  seen . Import pathw ays which depend  on calcium, calmodulin and  
ATP (Sweitzer and  Hanover, 1996) or are independent of GTP hydrolysis and  
cytosolic factors (Michael et al., 1997), w here a  novel hnRNP K n uc lear 
shuttling dom ain is required, have been  described.

It w as originally hypothesised that the basic amino acid seq u en ces  in the  zinc 
fingers of PKC acted  a s  a  bipartite nuclear targeting motif (Malviya and Block,

1992) or that the  basic  residues in the P S S  site w ere responsible for nuclear 
translocation. However, this h as not been  substantiated by any evidence and  
in fact deletion analysis of PKC a  dem onstrates that seq u e n c es  within the 
hinge region and a  C-terminal region are essen tial for nuclear targeting 
(Jam es and Olson, 1992). W hether this implies that PKC has  an intrinsic NLS 

signal which is m ore exposed  on activation is unclear. PKC pll ap p ea rs  to be 
activated within the nucleus during G2 (G oss et al., 1994; Thom pson and  

Fields, 1996), but this does not rule out the p resence  of a  NLS.

Therefore the unique regions required for nuclear localisation of the PKCs 
have not been  isolated. Little da ta  has  been  published for the details of aPKC 
nuclear translocation or roles. It may be that localisation is m ediated by 
specific dom ains or binding proteins. T hese  issu es  a re  ad d ressed  in this final 

chapter, w here PKC £ localisation w as studied and  attem pts w ere m ade to 
isolate novel binding proteins.

6.2  Cellular Localisation of PKC £

To attem pt to identify what determ ines PKC £ entry into the nucleus, w hether it 

u se s  an en d o g en o u s NLS or en ters bound to ano ther protein, various myc-
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tagged  dom ain constructs of PKC £ w ere cloned. All the constructs e x p re sse d  
well (Figure 6.1) and thus could be used  in im m unofluorescence studies.

Wild-type PKC £ is localised mainly in the cytoplasm  (Figure 6.2A). 
Occasionally, a  small am ount ap p ea rs  to be in the m em brane but cells look 

healthy and have sm ooth outer m em branes. GFP-PKC £ (Figure 6.2B) 

constructs w ere also exp ressed  (the full length construct w as received from 
Dr Seechiero). T hese  constructs show  the sam e  localisation which 

dem onstrates that no differences arise due to the extra 25kD of the GFP 
protein being bound to PKC £. This su g g ests  that wild-type PKC £ in 10%  

serum  m aintained 293 cells d oes not en ter the nucleus. Activation m ay b e  

required for exposure  of a  putative NLS, a s  is see n  for NF-kB, w here the  N 

terminal dom ain of IkBcc m asks the  NLS of the hom odim er and activation is 
required for nuclear localisation (Latimer et al., 1998). However, the  

constitutively active m utants of PKC £ (Figure 6.2C) are  localised in the  

cytosol. The m em brane ed g es  look slightly less smooth, more “active” an d  
ruffled. Without the constraint of the pseudosubstra te  autoinhibition, no  
different localisation w as observed. Therefore activation of PKC £ by 
p seu d o su b stra te  site “removal” is not sufficient to localise PKC £ in the  
nucleus. This is also  see n  for the phosphorylation site activated m utant (EE), 

s e e  chap ter 4. T he kinase domain is mainly cytoplasmic and occasio n a l 
nuclear and m em brane localisation w as observed (Figure 6.2D). This 
su g g es ts  that under certain conditions, for exam ple, differences in the cell 
cycle of individual cells, localisation differs. Cells expressing the k inase  
dom ain are m ore ruffled and cells lift off much more readily from coverslips. 
T hese  results implicate activated PKC £ in cytoskeleta! architecture.

Expression of the regulatory and sm aller Vo dom ains (Figure 6.3A,B) 
dem onstrated  that this domain of PKC £ could be found in the nucleus. For 

the sm aller constructs, cytoplasmic staining w as also visible. It is likely that 

the sm aller proteins (< 45 kD) diffuse into the nucleus, how ever, the  

observation that the protein rem ains there  and d oes not becom e evenly 
distributed betw een the nucleus and cytoplasm  su g gests  that PKC £ Vo binds 

to a  substra te  or targeting protein in the nucleus. Using a  GFP-PKC £ 

regulatory dom ain construct (of m olecular weight 60kD), PKC £ w as still 
localised strongly in the nucleus (Figure 6.3C). The co-localisation of the  PKC 
£ regulatory dom ain with DAPI confirmed nuclear localisation (Figure 6.3D). 
The staining w as diffuse and not specifically localised in either the nucleo lus 
or nuclear matrix. The PS S  seq u en ce  is not sufficient for nuclear localisation 

since deletion of this region still resulted in nuclear localisation of the
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regulatory dom ain (Figure 6.4A). However, this d o es  not rule out diffusion. 

B inuclear cells w ere seen  in 10% of cells transfected with the regulatory 
dom ain construct. It is not clear if this is due to inhibition of cytokinesis. 
Expression of the  regulatory dom ain of PKC £ and wild-type protein together 
did not affect the localisation of either protein. This dem onstrates that PKC £ 

d o es  not hom odim erise (by regulatory domain interaction) and prevent or 
prom ote nuclear localisation.

S ince the regulatory dom ain alone is capab le  of entering the nucleus, the  

following experim ents w ere carried out to determ ine under which conditions 

full length PKC £ en ters the nucleus. It its known that PKC translocation is 

agonist-dependent. The biological activators of aPK C s have not b e en  

described, however, a  few conditions w ere tried, ranging from insulin 
treatm ent, osm otic shock to TPA. None of the treatm ents tried resulted in 
nuclear localisation of PKC Since nuclear localisation of PKC £ h as  b een  
linked to the cell cycle, several different app roaches w ere used  to try to arrest 
cells in G2 or M phase . Two different m ethods w ere tried initially, chemically, 
by treating cells with nocodazole or attempting to synchronise growth by 
serum  starvation of 293 cells. No su cc e ss  w as achieved by either of th e se  
m ethods due to cell death. A second  approach  w as used. Mutants of cyclin 

B2 or a  cdc2 deletion mutant w ere ex p ressed  and cau sed  mitotic arrest 
(Gallant and Nigg, 1992). In arrested  cells mitotic spindles w ere see n  (Figure 
6.4C). However, in the cell type studied, no nuclear localisation of PKC £ or 
concom itant PKC £ staining in G2 arrested  cells w as observed  (Figure 6.4B). 
Thus the G2 localisation is not universal. There is also no obvious 
colocalisation of PKC £ to the central part of microtubule spindles, contrary to 

shark  epithelial cells (Lehrich and Forrest, 1994).
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Fig 6.1
Expression of Myc tagged PKC £ constructs
All PKC C, constructs were transfected into 293 cells and analysed by SDS-PAGE. 
Gels were blotted with the myc antibody.
Lanes:- A. Vo, B. Vo+PSS, C. PKC D. PKC £ A119E, E. PKC £ A PSS, F. PKC 
£ Regulatory domain, G. PKC £ kinase domain



Fig 6.2
Cellular Localisation of PKC £ in 293 cells
Cells w ere transfected with various PKC £ constructs and localisation 
analysed  by im m unofluorescence (see  m aterials and m ethods). Cells w ere  

stained  with phalloidin (0.1|ig/ml for 15min) to visualise actin and  FITC- 

conjugated antibody to recognise PKC £.
Lanes:- A. Myc-PKC £, B. GFP-PKC £, C. PKC £ A PS S , D. PKC £ k inase  

dom ain

Fig 6.3
Nuclear Localisation of PKC £
293 cells w ere transfected  with various PKC £ regulatory dom ain constructs 
and visualised with FITC-conjugated antibody to recognise PKC Actin w as 
stained with phalloidin, a s  before. In Fig 6.3D, nuclei w ere visualised using 

DAPI.
Lanes:- A. PKC £ regulatory domain, B. PKC £ Vo domain, C. GFP-PKC £ 

regulatory domain, D. PKC £ regulatory domain

Fig 6.4
Cellular Localisation of PKC £
293 cells w ere transfected with m yc-tagged PKC £ constructs and s ta ined  
with FITC-conjugated antibody (Fig 6.4A) or Cy3-conjugated antibody (Fig 

6.4B). In Fig 6.4A, cells w ere transfected with m yc-tagged PKC £ regulatory 
dom ain A PSS. In Fig 6.4B, 293 cells w ere cotransfected with PKC £ and a  
cyclin B2 mutant. Tubulin w as stained directly with a  FITC-conjugated 
antibody. Fig 6.4C dem onstrates cell cycle arrest on expression of the  cyclin 

B2 m utant alone.
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6.3  PKC C, binding proteins

To ad d re ss  why the PKC £ Vo domain accum ulates in the nucleus, the 
following experim ents w ere carried out to try to isolate novel binding proteins. 

In particular, to try to isolate any nuclear binding proteins. Several in vitro 

“pulldown” experim ents w ere carried out to identify any nuclear proteins ab le  

to bind to the regulatory dom ain of PKC For th e se  studies, bacterial 

proteins w ere required. Even though HIS tagged  proteins ex p ressed  well and  
w ere detectab le by W estern blotting (Figure 6.5) hardly any protein w as 

obtained by elution. In com parison, expression of the sm aller (GST tagged ) 
dom ains (Vo or Vo+PSS) w as very high (Figure 6.6 -eluted protein). T h ese  

constructs w ere used  to try to isolate nuclear binding proteins, since it is th ese  

which accum ulate in the nucleus in preference to the cytosol. The bacterial 

fusion proteins w ere purified on b ead s  and then incubated with either cell 
extracts (at least 1x 106cells) or nuclear extracts (Figure 6.7). No difference in 

binding proteins w ere noted betw een PKC £ or vector control pulldow ns. 
Thus no obvious binding proteins w ere isolated, possibly b e ca u se  only 

soluble nuclear extracts w ere isolated.

To try to isolate in vivo PKC £ binding proteins, different dom ain constructs of 

PKC £ w ere ex p ressed  in 293 cells and protein labelled with 35S m ethionine 
before immunoprecipitation (Figure 6.8). No specific binding proteins w ere 
consistently isolated. However, the protein may not be in the  correct 

conformation to bind certain proteins, for exam ple, activation m ay be  

required. Interestingly, a  protein bound to PKC £ (Figure 6.9), possibly 
en d o g en o u s PDK1 or a  recently identified PKC £ interacting protein (ZIP 

(Puls et al., 1997) or p62 (S anchez  et al., 1998)) protein or m ore likely, a 
novel binding protein, since it is slightly larger in size (75kD). This protein is 

not isolated on insulin treatm ent of cells. It is tempting to specu la te  that this 

protein binds and m aybe targets inactive PKC £ to the  cytosol and  that on 

insulin stimulation, re leases  PKC £ for translocation.

6.4  A PKC £ nuclear binding protein

During the course  of th ese  binding studies, Zhou et a l show ed that nucleolin 
w as a  PKC £ substra te  (Zhou et al., 1997). In NGF treated  PC12 cells, PKC £ 

w as localised in the nucleus and phosphorylated a  106 kD nuclear protein. 
Phosphorylation w as blocked by expressing a  dom inant negative PKC £ and  

purified PKC £ increased  p106 phosphorylation from nuclear extracts. The
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Fig 6.5
Expression of Bacterial PKC C,
HIS tagged PKC £ constructs were expressed in BL21 DE3 cells. Protein was detected with 
PKC £ antibody.
Lanes :- A. un indu ced , B. 1 h , C. 2h, D. 3h induc tion  (25°C , 100fiM  IPTG) 
GST tagged PKC C, was also expressed, E. uninduced, F. 3h induction (30°C, 100pM IPTG)

A B C

Fig 6.6
Expression of GST- tagged PKC £ domains
Protein was eluted from GST Sepharose beads with 50mM reduced glutathione. 
Lanes:- A. Vo +PSS, B. Vo, C. GST
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Fig 6.7
PKC £ fusion protein incubation with nuclear extracts
GST tagged PKC £ Vo+PSS domain proteins were incubated with soluble nuclear extracts and 
binding proteins isolated by SDS-PAGE and coomassie staining.
Lanes:- A+D. 293 cells with Vo+PSS and GST control 

B+E. COS cells with Vo+PSS and GST 
C+F. Swiss 3T3 cells with Vo+PSS and GST



Fig 6.8
PKC £ in vivo binding proteins
293 cells were transfected with various myc-tagged PKC £ constructs. The cells were starved prior 
to 35S-methionine labelling and PKC £ constructs were pulled down by immunoprecipitation and any 
binding proteins visualised by SDS-PAGE and autoradiography.

The following proteins were immunoprecipitated from 10% FCS maintained cells:- A. regulatory 
domain, B. regulatory domain A PSS, C. kinase domain, D. PKC £ wild-type, E. PKC £ A119E, F. 
vector control, G. PKC £ A PSS



Fig 6.9
PKC £ binding proteins
To identify if PKC C, binds to any cellular proteins, cells were stimulated (here, with insulin) 
before immunoprecipitating PKC Proteins were labelled with 35S-methionine. Any bound 
proteins were compared to vector controls, where non-specific binding to Sepharose is seen.The 
arrow denotes a potential binding protein.

Lanes:- A. PKC £, B. PKC £ +insulin (SOpg/ml) for 15min, C. vector
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Fig 6.10
In vitro interaction of PKC C, and nucleolin
Various bacterial GST constructs were incubated with purified nucleolin and any 
bound nucleolin measured by Western analysis.

Lanes:- A. GST - bound fraction, B. GST - unbound, C. Vo+PSS - bound fraction, 
D. Vo+PSS - unbound, E. control - 1pg nucleolin



p106 protein w as seq u en ced  and identified a s  nucleolin. 
Im m unofluorescence studies dem onstrated  that nucleolin and PKC £ w ere  
localised together and accum ulated in a  perinuclear region. Nucleolin plays a  
role in the organisation of nucleolar chromatin; packaging of pre-rRNA; rDNA 
transcription and  ribosom e assem bly. Nucleolin is a  substra te  for various cell 

cycle controlled kinases, casein  kinase II and cdc 2 kinase. Nucleolin shuttles 

betw een the  cytoplasm  and nucleus. This first identified nuclear in vivo PKC £ 

substrate , m ade it tempting to specu la te  that nucleolin w as also  a  binding 

protein for PKC

An in vitro binding a ssay  w as carried out. GST tagged PKC £ Vo dom ain w as 

incubated with purified nucleolin (kindly given by Dr Bouvet) (Figure 6.10). 

The PKC £ dom ain bound to purified nucleolin.

Discussion

In this chapter, the regulatory domain w as found to accum ulate in the  

nucleus. The m echanism  of entry into the nucleus is unknown. The basic  
residues in the  P S S  may com prise a  putative NLS, however, in view of the  

literature and  d a ta  p resen ted  here, this seem s unlikely. A regulatory dom ain 
construct with the  P S S  deleted w as still found in the nucleus, how ever, entry 
driven by diffusion can not be ruled out. Diffusion of small proteins h as  b e en  
reported to be inhibited by treatm ent with bis (2-am inophenoxy) e th an e - 
N,N,N’,N’-tetracetic acid (BAPTA), which dep le tes  nuclear calcium stores. 
Thus, the use  of various chem ical inhibitors may be able to determ ine the  
m echanism  of nuclear import. If BAPTA blocked nuclear localisation of the  
regulatory domain, this would implicate diffusion a s  the  m echanism  of entry. 
NLS-driven nuclear uptake is inhibited by w heat germ agglutinin (WGA, 

(Adam et al., 1990) and mAb 414, an antibody to the nuclear pore com plex, 

p62. Interestingly, recent evidence su g g ests  that nuclear uptake of PKC a  

occurs in a  NLS-independent m anner and d o es  not require importin p or GTP 
and uptake is not inhibited by WGA or mAb 414 (Schm alz et al., 1998). 

N uclear localisation requires the integrity of the cytoskeleton, thus it may be  

specu la ted  that a  novel PKC import factor is localised and only access ib le  in 

an intact cytoskeletal network. However, PKA on cAMP stimulation an d  
re lease  from the  regulatory subunit, which te thers the catalytic dom ain in the  
cytosol, en ters  the nucleus by diffusion w here it can phosphorylation CREB 

and other transcription factors. The export of PKA is controlled by binding of 
PKI to PKA, which ex p o ses  the nuclear export seq u en ce  (NES) of PKI, 
resulting in rapid nuclear export (Wen et al., 1995). Activation in the  cytosol by
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specific agonists, followed by nuclear diffusion and su b seq u en t controlled 
export may be relevant to the PKC family too.

The lack of finding any conditions which translocated full length PKC £ into 

the nucleus m ade it difficult to analyse seq u e n c es  important in n u c lea r 
uptake. This technical difficulty may be overcom e by being able to study “live” 

cells. It would be very interesting to repeat the studies using GFP-PKC £ a n d  

u se  time lapse imaging to try to d issect the role of PKC £ in nuclear function. If 
a  stim ulus for entry is identified, then the various mutant constructs can  b e  

used  to analyse  which structural features, for exam ple, which dom ain or 
activated form of PKC is sufficient for import. Activation alone d o es  not 

a p p ea r to be sufficient for entry into the nucleus, however, phosphorylation 

and  lipid activation together (in the form of a  PKC £ A PSS/E E mutant) m ay 

c au se  nuclear translocation. Alternatively, PKC £ may be regulated in a  

similar m anner to PKC pH, w here activation of PKC pil in the catalytic dom ain 
occurs within the nucleus (Walker et al., 1995). It is interesting to note that 
insulin or PI3K -dependent pathw ays have been  docum ented to stim ulate 
nuclear localisation (as h as also been  seen  for PKB (Meier et al., 1997). 
W hether this implies that activated PKC £ is required (via PDK1) for n u c lea r 
uptake is unclear. However, since the phosphorylation site m utants a re  not 

localised in the  nucleus, s e e  chap ter 4, it may su g g est that the  m echanism  of 
uptake is sensitive to wortmannin (possibly via vesicle trafficking).

How PKC £ en ters the nucleus is unknown. PKC £ may translocate  to the  
nucleus bound to cell cycle-dependent k inases, given that PKC £ can  en te r 
the  nucleus in a  cell cycle dependen t m anner. Alternatively, different s ta g e s  
in the  cell cycle m ay regulate different phospholipid m etabolism  (Jackow ski, 

1996) or calcium levels, which may act to stimulate PKC £ nuclear up take 

directly, or via o ther proteins. O ther nucleocytoplasm ic shuttling proteins m ay 

take PKC £ with them  to the nucleus, for exam ple the novel binding protein, 
nucleolin. Further experim ents to elucidate the role nucleolin m ay play in 

targeting PKC £ to the nucleus, when PKC £ is activated to phosphory late  
nucleolin and the role of PKC once it h as phosphorylated and d issoc ia ted  
from nucleolin, in the nucleus will be intriguing. Unfortunately, the nucleolin 

antibody is not good enough to be used  in im m unofluorescence. It will b e  
intriguing to discover the role of PKC £ in the nucleus. It h as  been  im plicated 

in m itogenesis but d o es  not ap p ea r to m odulate nuclear en v e lo p e  

breakdow n. PKC £ may be required for nuclear envelope assem bly  after 
mitosis. It will be interesting to discover what controls nuclear export of PKC 

since this may give insight into its role.
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The expression  of several different domain constructs of PKC £ h a s  e n a b le d  
the  analysis of their cellular localisation and enabled  possible identification of 
specific domain binding proteins. Two different m ethods of “pull dow n” 
experim ents w ere tried, either by immunoprecipitation with 35S labelled  

proteins or incubation with cell extracts. The principle of th e se  “pull dow n” 

experim ents is that PKC £ intrinsically binds other proteins, independen t of 

cell type or cellular stimulation. For exam ple, initially inactive PKC £ m ay bind 

a  chaperone  protein required to take it to the m em brane or PKC £ m ay bind a  

scaffold protein, which may then expose  certain dom ains to o ther proteins. A 
potential binding protein w as visualised and given m ore time, su ch  

a p p ro ach es  may indeed be able to identify and characterise  further novel 
PKC £ binding proteins. However, the binding a ssa y  may n eed  to be  m ore 
sensitive. To overcom e som e technical problem s and difficulties a sso c ia te d  

with overexpression, immunoprecipitation of the endogenous protein and  any  
endog en o u s binding proteins would be interesting. The PKC £ antibodies do 
not ap p ea r to be sensitive enough to quantitatively isolate binding proteins. 
Crosslinking the antibody may help to pull out more binding proteins. 
However, certain proteins may only bind PKC £ when it is in its activated  
either structurally (in the form of the constitutively active constructs) or 
phosphorylation site m utants or on cellular activation. Interestingly, the  
recently isolated atypical PKC-isotype specific interacting protein (ASIP) w as  
identified on screening  a NIH 3T3 cDNA expression library with an  
au tophosphorylated  PKC £ probe (Izumi et al., 1998). The binding protein 
itself may also  require activation by growth factors or other effectors, for 

exam ple lipid binding, before being able to recognise PKC

Alternative technical stra teg ies may have to be em ployed, for exam ple, a  
y east two-hybrid screen  w as used  to independently  isolate a  PKC £ binding 

protein ZIP (from a  rat brain library (Puls et al., 1997)) or p62 (from a  kidney 
library (S anchez  et al., 1998)). The role of ZIP/p62 is controversial. O ne group 

p laces it a s  targeting PKC £ to the  late endosom al pathway, w h ereas  the  

o ther group believe PKC £ may tether ZIP in the cytoplasm . Therefore, the  
interaction is important in PKC £ localisation but how is not clear. A m ethod to 
analyse  PKC £ binding proteins within the cell would be ideal, however, this 
is only possib le (by im m unofluorescence or FRET) if the binding protein h a s  

already been  identified. More in depth characterisation of the role of 

en d o g en o u s PKCs within the cell may provide more answ ers to its function
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and  localisation. The identity of physiological binding proteins and  the  role 

they  play in PKC £ localisation and  function h a s  yet to be determ ined.
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Chapter 7

7.1 The atypical PKC subfamily

The aPK C s com prise an expanding subfamily of PKCs. On the genom ic level, 
there  are  now several genes, of which two are  potentially transcribed  

p seu d o g en es , 'FPKC £ and PKC £ 'F I, the p seu d o g en e  isolated during the 

cou rse  of this thesis. In light of the lack of overt phenotype of the  PKC £ 

knockout and  given that PKC £ transcripts are  still detected  in PKC £ knockout 
mice, it s ee m s  likely that either of the p seu d o g en es  is transcribed  and  
translated  in the knockout and is capab le  of taking over PKC £ wild-type 

function, or there  is a  redundancy am ongst the aPK C s and PKC i function is 

dom inant in PKC £ knockout mice. On going collaboration with M .Leitges in 
PKC £ knockout mice will hopefully clarify this question.

The expansion of this subfamily in m ammalian cells su g g es ts  that the  aPK C s 
play important and diverse roles in multicellular organism s. S.cerevisiae  h a s  

a  single PKC (Levin et al., 1990; Yoshida et al., 1992) (S.pom be  h a s  two 
isoforms (Mazzei et al., 1993), which is a  compilation of various c/n/a PKC 
and PRK dom ains. A less  com plicated multicellular organism , C.elegans  h a s  
c/n PKCs (Islas-Trejo et al., 1997; Land et al., 1994; T abuse  et al., 1989) but 

only one com posite aPKC term ed PKC3 (which is 50% identical to both PKC 
£ and PKC i (Wu et al., 1998). Being able to study aPKC function in a  
com plete, less com plicated system  will give valuable insights into the 
possib le co-ordinated role of aPKCs. If the role of the aPK C s can  be  
understood in an entire organism , then d iscrepancies or apparen tly  
conflicting results can be explained in different tissu es  or cell types. T he roles 
of PKC3 in C.elegans reflect functions of both PKC £ and PKC i. PKC 3 is 
crucial for em bryogenesis (PKC i knockout results in em bryonic lethality, 

M .Leitges unpublished data, possibly due to endothelial cell apoptosis, a s  

h a s  been  implicated for Raf knockouts (Wojnowski et al., 1997); plays a  role 

in highly differentiated tissues (PKC £ has  been  implicated in m itogenesis 

and  differentiation (W ooten et al., 1994), for exam ple in U937 cells (W ays et 

al., 1994) and preventing apoptosis (PKC i h a s  been  implicated a s  being a  
survival factor) and  is regulated by physical s tre sse s  (both aPK C s are  

involved in UV-induced pathw ays (Berra et al., 1997; Huang et al., 1997; 

Murray and Fields, 1997). Recently, PKC3 has been  im plicated in 
establishing cell polarity. Polarity (par) g en es  a re  involved in partitioning 
m olecules in the first asym m etric division of the zygote (Guo and K em phues, 

1996). PKC3 w as found to assoc ia te  and interact directly (in vitro and  in vivo)
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with PAR3 and reduction of PKC3 levels in em bryos (by RNA depletion), 
cau sed  phenotypic defects consistent with Par3 and  Par6 m utants 
(Bowerm an et al., 1997; T abuse  et al., 1998). It ap p ea rs  that PAR 6 
com plexes with PAR 3 and PKC3 together (Hung and K em phues, 1998). 
Interestingly, a  m am m alian hom ologue of PAR3 h as been  identified which 

interacts with the k inase domain of aPK C s - atypical PKC-isotype specific 

interacting protein, ASIP (Izumi et al., 1998). ASIP colocalised with PKC X at 

cell junctions in epithelial MDCK II cells. Thus the asym m etric distribution an d  
role of aPK C s in affecting cell polarity is clearly conserved  th roughout 
evolution. Studying other organism s will give valuble insights into the  role of 

aPK C s.

Clearly, both aPK C s have similar and yet distinct roles. The kinase dom ains 

a re  highly hom ologous and the g rea test differences occur in the regulatory 
d om ains (Selbie et al., 1993). The high seq u en ce  homology at th e  C- 

term inus also m akes it difficult to distinguish betw een the two proteins, 
however, an  amino-terminal PKC i antibody can resolve various 
d iscrepancies. Indeed, in the literature the two have been  confused  an d  
several observations with Xenopus oocyte PKC £ are  in fact giving insight into 
the  role of PKC i (Dom inguez et al., 1992). Most research  h as  b een  carried  
out on PKC possibly due to the m ore recent identification of PKC i and  PKC 
X. Thus it is m ore difficult to a s s e s s  if aPK C s play hom ologous roles in cellular 
regulation or if experim ents w ere just not carried out to with both isoform s 
(especially, the effects of EGF/PDGF (Akimoto et al., 1996). Do the  two 
isoforms act co-operatively or antagonistically to each  other? Both PKC £ an d  

PKC i are  ubiquitously expressed . Certain cell types, for exam ple neutrophils, 
only ex p ress  one aPKC and thus may be a  useful experim ental system  to 
study each  specific isoform. Why certain aPK C s are  not presen t in certain cell 

types will be m ore difficult to analyse  but may give great insight into the  

cellular pathw ays each  can  m ediate.

7 .2  Mechanism of activation of aPKCs

How d o es  the activation of aPK C s differ from the model postulated for PKC 

a ?  M echanistically, since neither DAG nor calcium or indeed evident 

m em brane localisation is required for PKC £ activation, what is required to 

rem ove the autoinhibition im posed by the P S S  seq u en ce  in the active site?  
S ince the aPK C s already have a negatively charged  am ino acid in the most 
C-terminal phosphorylation site, the V5 domain may not be m asking the 
active site, a s  h a s  been  postulated for PKA. Therefore removal of the P S S
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site m ay be less  energetically dem anding due to the active site being m ore 
access ib le  initially. Lipid m ediated stimulation m ay be required for activation. 
C eram ides w ere postulated to bind PKC £ in vitro in a  concentration- 
dependen t m anner (Lozano et al., 1994; Muller et al., 1995) however, this has  
been  disputed recently (Huwiler et al., 1998). Thus, the effects of ce ram id es  
may be via upstream  k inases or ph o sp h atases , s e e  chap ter 4. Acidic lipids 
(PA, bisPA) bind to and activate PKC £, a s  see n  by electrophoretic shift 
(Limatola e t al., 1994). The mobility shift may potentially be due to in c reased  
T560 phosphorylation, not PA binding. We did not s e e  any in crease  in 

activation of PKC £ on prior incubation with PA, when m easuring  PKC £ 
phosphorylation and  activation by PDK1, s e e  chap ter 5. Thus the direct role 

of lipids in m ediating PKC £ activity is unclear. Lipid binding to the C1 region 

may help stabilise protein-protein interaction. The C1 dom ain of Raf s tab ilises  
the  interaction with the R as binding domain by binding to a  Ras prenyl group 

(Luo et al., 1997). C eram ide binding to Raf1 helps m ediate this interaction 

(Muller et al., 1998). This may be true for PKC £ since ceram ide prom oted 

aPKC binding to par 4 (Diaz-Meco et al., 1996).

Alternatively, any zinc finger (par 4 or LIP) or P S S  binding protein (p62 or 
ZIP) may m ediate activation. Protein interaction, for exam ple PDK1 binding at 
a  m ore C-terminal site, may result in conformational ch an g es  permitting 
substra te  phosphorylation. The zinc finger dom ain binding proteins either 
increase  (LIP (Diaz-Meco et al., 1996) or inhibit (par4) aPKC activity. The 
regulation of aPK C s would then be indirectly controlled by protein 

interactions to external stimuli, for exam ple PI3K or E-cadherin (Eaton and  
Sim ons, 1995). This may explain why lipids alone do not result in large 
increases in in vitro activity a ssay s . It will be interesting to be able to p roduce 
enough soluble protein to enab le  crystallisation of either the kinase dom ain 

or full length protein or co-crystallisation of aPK C s with interacting proteins to 

s e e  how this ch an g es  the  structural conformation of the aPK Cs.

The aPK C s m ay differ from c/nPKCs in the regulation of phosphorylation. The 

rate of phosphorylation is certainly more dynamic (chapter 4) and regulation 

of aPK C s may be m ore similar to that of PKB. However, it is unclear w hat role 

m em brane localisation plays in phosphorylation and activation. M em brane 
localisation m ay be required for finding substra tes.

The ability w e have to m easu re  activity of the aPK C s is not reproducible. Why 
this is different from other PKCs is unclear. The P S S  peptide may not be the 
best substra te  and ano ther protein (i.e. in a  similar scenario  to Raf-MAPK)
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n eed s  to be discovered a s  a  substra te  to reflect PKC £ activity. It m ay be that 

PKC 8, a s  p resen ted  in chap ter 4, m ay be the in vivo substra te  and be a  
potential readout for PKC £ activity. Alternatively, the  correct lipid environm ent 
or optimal lipid presentation m ust be discovered to maximally activate PKC 

PKC £ m ay require o ther proteins to maintain a  stable, active conform ation, 

which is lost on in vitro analysis. Moreover, PKC £ activity in vitro may reflect 
the co-precipitation of a  p h o sphatase . It has  already been  su g g ested  that a  

calcium activated protein kinase or p h o sp h a ta se  co-purifies with PKC £, 

resulting in its inhibition (Limatola et al., 1994). T here is a  growing body of 
ev idence indicating that regulation of signalling pathw ays occurs via protein 

k in ase -p h o sp h a tase  signalling m odules, resulting in direct control of 

intracellular signalling c a sc a d e s  (Deng et al., 1998; Hu et al., 1998; W estphal 

et al., 1999). PP2A dephosphorylates assoc iated  CaMKIV and so  functions a s  

a  negative m odulator of CaMKIV signalling (W estphal et al., 1998). aPK C s 
may seq u e s te r  p h o sp h ata ses , a s  h as  been  dem onstrated  indirectly (S on tag  

et al., 1997), and in this thesis, aPK Cs activation loop site phosphorylation is 

m odulated by PP1/2A p h o sp h atases .

Elucidation of how aPK C s are  activated will only com e from technical 
im provem ents to enab le  direct visualisation of protein interactions in the  
cellular context. Already, G FP-tagging, tim e-lapse, FRET in live cells or 

microinjection h as helped ad d re ss  such problem s. To be ab le to un d ers tan d  
the m echanism  of activation of PKC £, m ore information can  be g leaned  from 
mutation of either phosphorylation sites or using domain structures, if there  is 

an easily identifiable biological endpoint. Studying a  com ponent in a  pathw ay 
which h as  no apparen t physiological activator or role is like hunting for a  
need le  in a  haystack. This is not helped by the cross talk and high levels of 

promiscuity of several k inases in signalling pathw ays.

7.3 The role of aPKCs in signalling pathways

Atypical PKCs a re  involved in several signalling pathw ays, a  few will b e  
d iscussed  in detail below. Atypical PKCs have been  reported to be activated 

by EGF, PDGF (Akimoto et al., 1996), insulin (M endez et al., 1997; S w e e n ey  
et al., 1998), and PC-PLC (van Dijk et al., 1997; van Dijk et al., 1997), 

am ongst others, suggesting  a  linkage betw een phospholipid turnover an d  

aPKC activation. The discovery of PDK1 h as certainly helped by positioning 

PKC £ dow nstream  of PI3K and clarified the regulation of aPK C s by 

PI(3,4,5)P3 lipids. The studies p resen ted  in this thesis  has  se t a  p resident for 

PDK m ediated activation of the other PKCs. It is possible that PKC £ binds
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PI3K directly (C arpenter et al., 1993; G om ez et al., 1995), which h a s  b e en  
reported for PKC 5 and interaction is inhibited by wortmannin (Ettinger et al.,
1996). Any PDK1 recruited to the sam e a rea  by PI(3,4,5)P3 can  then  
phosphorylate  PKC £. It will be interesting to determ ine the effects of 
dom inant negative PI3K m utants or expression of PTEN (M aeham a and  
Dixon, 1998) on the  phosphorylation of the activation loop of PKC £.

PDK1 can  directly asso c ia te  with PKC £, a s  h as  been  shown in chap ter 5. It is 

not known if o ther proteins are  also com plexed. The organisation an d  

regulation of several signalling c a sc ad e s  h as  been  show n to occur via 

scaffold proteins, for exam ple, this h as been  recently identified in the MAPK 

c a sc a d e  (Schaeffer et al., 1998; W hitmarsh et al., 1998) or in NFkB 
phosphorylation (Cohen et al., 1998; Rothwarf e t al., 1998). PDZ dom ain 

containing proteins have been  implicated in assem bling proteins (nam ed 

after post-synaptic density protein, PSD95, Drosophila d iscs large dig an d  
Z01 (Cho et al., 1992; Ponting et al., 1997; W oods and Bryant, 1993). Ina D in 
Drosophila is a  prime exam ple w here com ponents of the phototransduction 

c ascad e , including light-activated ion channels, PLC p and  PKC are  all 
colocalised (Tsunoda et al., 1997). Scaffolds or the formation of s ig n a lso m es  
(Mercurio et al., 1999) may help solve spatial-tem poral signalling problem s 
and enab le  prior co-ordination of signalling com ponents, permitting rapid 
re sp o n ses  to quick, short-lived stimuli. A kinase-anchoring protein, AKAP 79 
(Carr et al., 1992) se rv es  a s  a  multivalent scaffold protein targeting PKA, PKC 
and calcineurin (Klauck et al., 1996) to the m em brane. S ince PDK1 a lso  
phosphorylates PKA, it may be that AKAPs are  the scaffold to co-ordinate all 

th e se  signalling events.

7.3.1 The MAPK cascade

K inase deficient forms of PKC £ prevent small T antigen depen d en t growth in 

NIH 3T3 fibroblasts by modulation of the m itogen activated protein kinase, 

MAPK cascad e . The involvement of PKCs in the MAPK c a sc a d e  w as first 
su g g ested  due to sensitivity of the pathw ay to TPA (Hoshi et al., 1989; Rapp, 

1991; Ray and Sturgill, 1987; R ossom ando et al., 1989). The MAPK c a s c a d e  
h a s  been  implicated in cell proliferation (induced by growth factors and o ther 

s tre ss  pathw ays) and  control of differentiation (Mischak et al., 1993; Murray et 
al., 1993; T raverse et al., 1992). Translocation of activated MAPK to the  

nucleus en ab les  phosphorylation of target m olecules, for exam ple, 
transcription factors activating g en e  expression (Herskowitz, 1995; Ip an d  

Davis, 1998; Marshall, 1994). MAPK (p42) is a  dual specificity k inase  
requiring both threonine and tyrosine phosphorylation. Two sites a re
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phosphorylated  in the activation loop site by the upstream  kinase, MEK1 or 
MEK2 (Payne et al., 1991). The MAPK kinases are  regulated by Rat (Alessi e t 
al., 1994). Raf is m odulated partly by association with G TP-Ras and  a lso  
phosphorylation (Kyriakis et al., 1992; Wu et al., 1993). The regulation of Raf 

is not so  straightforward and several inputs have to be considered , including 

dimerisation (Luo et al., 1996) or association with o ther proteins regulating its 

function, e.g. 14-3-3 (Freed et al., 1994). The role PKCs play in the  MAPK 

c asc ad e  is som ew hat unsure. There a re  several PKC phosphorylation sites  
on Raf (S499, S259, phosphorylated in vitro by PKC and in vivo in re sp o n se  
to TPA (Kolch et al., 1993). Evidence su g g es ts  that th e se  sites  are  not 
involved in Raf activation. PKCs m ay affect the MAPK c asc ad e  by assisting  in 

m em brane-association  of Raf or even phosphorylation induced  
dow nregulation of Raf. Different PKC isotypes feed into the  pathw ay at 

different levels (S choenw asser et al., 1998; U eda et al., 1996).

The role PKC £ plays in this c a sc ad e  and mitogenic activation is unclear. PKC 
£ h as  been  implicated in mitogenic signalling due to direct interaction with 

R as (Berra et al., 1993; Diaz-Meco et al., 1994). However, no further ev idence  
has substan tia ted  PKC £’s role in Ras transform ation and activation. In NIH 
3T3 cells stim ulated by R as activating growth factors or transform ed with Ras, 
PKC £ had  no synergistic effect on the growth properties of cells (C respo et 
al., 1995; M ontaner et al., 1995). In fact, the opposite effects have b een  se e n  
w here PKC C, reverted transform ation by the v-raf oncogene (K ieser et al.,

1996). O verexpression of PKC £ in prostate cells inhibited m etastas is  (Powell 
et al., 1996) but PKC £ has been  implicated in playing a  role in IL2 m ediated  

cell proliferation (G om ez et al., 1995).

Subsequently , the role of PKC £ in the MAPK casc ad e  h as been  found to be  
independent of R as (Berra et al., 1993; S ch o en w asse r et al., 1998; U eda et 

al., 1996) but also  activated in a  DA G -dependent m anner (van Dijk et al.,
1997) or by PDGF (van Dijk et al., 1997). T hese  results together with 

cotransfection and in vitro analysis dem onstrate  that PKC £ activation of the  

MAPK casc ad e  occurs in a  R af-independent m anner at the  level of MEK 
(S choenw asser et al., 1998). This activation w as found to be  indirect and  the  

kinase activity involved w as term ed ZAK (PKC £ activated kinase, D. 
S ch o en w asse r thesis) but has  not been  isolated. W hether ZAK is in fact a  

DA G -dependent protein or PKC £ activating the MAPK c a sc a d e  together with 
o ther PKCs (Kim et al., 1997) is unknown. Any other MEK activating proteins 
may be ZAK. C and idates include a  novel adipocyte insulin stim ulated MEK 
kinase (l-MEKK, (H aystead et al., 1994) or MKK2 (Wu et al., 1993). PKC £ h a s
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also  been  su g g ested  to be not only independent of Raf but a lso  in replacing 
Raf to m ediate R as induced activation of MEK (Liao et al., 1997). Thus PKC £ 
action d ep en d s  on which pathw ays a re  activated. aPK C s per se  are  not 
oncogenic or tum our supresso rs , thus their regulation of cell proliferation or 

growth is m ore subtle. It will be crucial to determ ine pathw ays aPK C s lie on, 

possibly using a  knockout approach  or by characterising interacting proteins 
and  resulting cellular localisation. Regulation of aPK C s m ay require m ore 
acu te  stimuli, for exam ple, oxidative s tre sse s  (Waite et al., 1997) or viral 

infection.

7 .3 .2  Nuclear signalling

PKC £ can  be found assoc ia ted  with spindle fibres (even though this d oes not 
imply nuclear localisation since the nuclear envelope is d isassem bled  at this 
point (Lehrich and Forrest, 1994); stim ulate g en e  expression of integrins and  
phosphorylate ribonuclear proteins, for exam ple nucleolin (Zhou et al., 1997). 
All th e se  observations question w hether PKC £ directly plays an active role in 

nuclear signalling or if all th e se  effects are  indirect. Data p resen ted  in ch ap te r 
6 show s nuclear localisation of the PKC £ Vo domain. How this occurs is still 
unclear. D ata in chap ter 6 also  su g g ests  that nucleolin (a nuclear-cytoplasm ic 
shuttling protein) may interact with PKC £. Thus PKC C, may piggy-back this 
protein to becom e localised in the nucleus. In virally transfected  cells, PKC £ 
m ay bind small or large T antigens and becom e imported into the  n u c leus 

(Sontag et al., 1997). Alternatively, if PKC £ can  seq u es te r p h o sp h a ta ses , this 
m ay enab le  nuclear localisation i.e. with PNUTs (Allen et al., 1998). PKC £ 
w as found to interact with hnRNPAI (Municio 1995), which is a  

nucleocytoplasm ic shuttling protein. Expression of constitutively active PKC £ 

stim ulated RNPA1 shuttling and reduced cytosolic levels of this protein. W hat 
h ap p en s  to PKC £ localisation under such conditions w as not d iscussed . An 

alternative m echanism  of nuclear localisation may arise due to sm all 
ubiquitin-like modifiers, SUMO, coating of PKC £, a s  h as  been  seen  for 
RanG A PI nuclear uptake (M ahajan et al., 1998; Matunis et al., 1996; M atunis 
e t al., 1998). Phosphorylation of the  activation loop of ERK2 (Khokhlatchev et 

al., 1998) h a s  been  found to be sufficient for hom odim erisation (and 

exposure  of a  NLS) and nuclear localisation, independent of k inase activity. 

This is not the c a se  for PKC £ since activation by either deleting the P S S  

region or using phosphorylation site m utants did not result in nuc lear 
localisation. Thus it is likely that nuclear localisation is not an intrinsic 

property of PKC £ and is linked to cell-cycle or agonist-stim ulated events.
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The role of PKC £ in the nucleus is unknown. However, PKC £ 
phosphorylates several nucleoproteins (for exam ple, nucleolin). 
Phosphorylation of hnRNPAI inhibits its capacity to bind sin g le -stran d ed  
oligonucleotides. It will be interesting to determ ine w here in the  cell PKC £ 

phosphorylates the ribonuclear proteins, if this is a  cell cycle d e p e n d e n t 

event, or w hat role PKC £ plays in RNA binding. Zinc finger proteins have  
been  implicated in binding RNA directly (Grondin et al., 1996). Potentially 

PKC £ m ay be on a  general pathw ay or act in a  similar m anner to o ther 
proteins asso c ia ted  with RNA binding proteins, e.g. Vav, which can  activate 

g en e  expression (Hobert et al., 1994).

PKC £ w as hypothesised to be the kinase involved in phosphorylation of Ik B, 

enabling re lease  of N F k B and entry into the nucleus to act a s  a  transcription 
factor, and so  PKC £ indirectly affects N F -k B gene activation (Diaz et al., 

1991; Diaz-Meco et al., 1994; Diaz-Meco et al., 1993). R ecent work h a s  
identified the k inase involved (Ik K a  and p (Malinin et al., 1997; Mercurio et 

al., 1997) but d o es  not rule out the possibility that PKC £ ac ts  upstream  an d  

regulates the IkK. The zinc finger of PKC £ binds to a  leucine zipper motif of 
par4 (Diaz-Meco et al., 1996). This region w as also  found in the C-term inal 
region of death  dom ains, for exam ple found in FADD, TRADD or T N FR1. Thus 

PKC £ may be able to interact with TRADD or TNFR1 (Hsu et al., 1996; Hsu et 
al., 1995). It is a lso  possible a  third pathw ay of N F k B d e p e n d e n t 
transcriptional activation exists which is independent of the TRAF/NIK/IKK 

pathway. PKC £ h as  been  found to be activated by both TNF and  IL1 
(Rzymkiewicz et al., 1996) pathw ays, resulting in N F k B activation, thus 

p e rhaps PKC £ plays an upstream  role in NFKB-mediated g en e  activation. 
However, since PKC £ can en ter the nucleus, it may be able to m ediate  

transcription directly.

7 .3 .3  PKC C, and Viruses

PKC ^ is able to phosphorylate the P protein (involved in transactivation of 

viral RNA polym erases) of hum an parainfluenza virus type 3 (HPIV) (De et al., 

1995). M olecular parasitology may give PKC £ an important role in the  viral 
life cycle, in particular for the param yxovirus family (negative strand  RNA 

viruses). PKC £ P S S  peptides resulted in a  d o se-d ep en d en t d e c re a se  in 
accum ulation of Sendai viral progeny (Huntley et al., 1997) and  PKC £ 

m ediated NF-kB induced activation responsible for persistent HIV-1 infection 
in m onocytes (Folgueira et al., 1996). PKC £ h as  also  been  found p ack ag ed  

into several virions. V iruses may give insight into how PKC £ is activated. A
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specific viral envelope protein or lipid may be required for activation. S e v e ra l 

cellular k inases play vital roles in viral gene  expression, which may im plicate 
PKC £ working in a  co-operative m anner, i.e. with PKA (Cobianchi e t al.,

1993) or case in  k inase II (Das et al., 1995). PKC £ ap p ea rs  to regulate viral 

replication of respiratory viruses, indicating that specific cellular localisations 
of k inases may control the role of host k inases in viral replication. V iruses 
replicate in the cytoplasm, however, if PKC £ is packaged  in the virion, it m ay 
readily ch an g e  its cellular or tissue  distribution. U nderstanding how v iruses 

hijack cellular signalling pathw ays and utilise host signalling com ponen ts will 

be  important in generating drug therapies.

7 .3 .4  Regulation of AGC family members

Data p resen ted  in chap ter 4 utilising a  partly-activated m utant (EE), 
dem onstra tes  that PKC £ can cau se  an increase  in the FSY site 
phosphorylation of PKC 5. Moreover, PKC £ d oes asso c ia te  with PKC a  and  
PKC 5 in a  TPA -dependent m anner. It is not clear at p resen t if PKC £ is the  
FSY site kinase directly. PKC £ may bind and protect the V5 region from the  
action of p h o sp h a ta ses . W hether PKC £ can m ediate FSY site 
phosphorylation in vitro h as yet to be determ ined. Several cand ida tes  h ave  

been  identified a s  FSY site k inases, for exam ple, ILK (D elcom m enne et al.,
1998). It will be interesting to identify the direct physiological kinase. The FSY 
site m ay be an autophosphorylation site for the cPKCs (K eranen et al., 1995) 
or phosphorylation may occur by PKC hom odim erisation. Alternatively, 
several different stimuli may result in phosphorylation of this site by severa l 
different k inases. In light of the conservation of phosphorylation ev en ts  in the  

activation loop site by PDK1, it is possible that there  is one unique k inase  
which phosphorylates all AGC kinase family m em bers. aPK C s have b een  

found to bind to PKB (Konishi et al., 1994; Konishi et al., 1994) and  p 7 0 S6K 
(Akimoto et al., 1998) but w hether this correlates with FSY site 

phosphorylation h a s  yet to be determ ined.

7 .4  PKC £ and the cytoskeleton

W hat role d o es  PKC £ play in cytoskeletal architecture? D ata p resen ted  in 
chap ter 4 and chap ter 6 su g g ests  that activated forms of PKC £ result in 

m em brane ruffling and pseudopodia  formation. Som e groups find PKC £ 
a sso c ia ted  with actin (Gom ez et al., 1995) or tubulin (G arcia-Rocha et al.,

1997) but not both. How this corre la tes with the role of PKC £ in mitosis or 

o ther cytoskeletal-m ediated even ts is unclear. PKC £ h as  a lso  b een
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implicated in playing a  role in cell adhesion, by specifically affecting tight 
junction sorting. PKC £ may act a s  the kinase m ediating cellular stim ulation 

and  causing  cell adhesion  or movem ent. PKC £ h as  been  found to m ed ia te  
integrin resp o n ses, but this only ap p ea rs  to be on the level of g en e  activation 

(Xu and Clark, 1997; Xu et al., 1996). PKC £ h as  been  found localised to cell­
cell contacts and not at free ed g es  of cells. By im m unofluorescence data, 
PKC £ w as localised to tight junctions and co-localised with a  zona o cc lu d en s  

protein (Z01) (Mitic and Anderson, 1998). PKC £ can phosphorylate  Z01 in 

vitro (Stuart and  Nigam, 1995). This localisation is also a sso c ia ted  with G 

protein localisation (G a 12) (D odane and Kachar, 1996). W hat role PKC £ 

plays in either tight junction sorting or regulation of tight junction perm eability  
is unknown. PKC £ may bind to and m ediate transport of Z 0 1 , which ac ts  a s  a  

scaffold to o rganise  occludin proteins at tight junctions. D ata for PKC3 in 
C.elegans dem onstrates that in vitro, PKC3 can bind a  PDZ containing 
protein, the C.elegans equivalent of PICK 1. Binding can  occur via the DXV 

C-term inus. Potentially, since Z01 has  a  PDZ domain, this binding site m ay 
explain the interaction with PKC £. If this is a  V5 dom ain interacting-protein is 
unknown. It would be interesting to determ ine what could bind to the  PKC £ 'P 
I s ince this h a s  a  novel C-term inus and if the C-term inus affected cellu lar 
localisation, com pared to wild-type PKC However, the discovery of the  

novel aPKC binding protein, ASIP, gives insight into this issue . ASIP 
colocalised with PKC X to tight junctions (Izumi et al., 1998). Interestingly, 
PKC X d o es  not bind to the PDZ domain, thus ASIP may bring PKC into 
contact with other signalling com ponents capab le  of binding the PDZ 

dom ains, for exam ple PKC a . It is unclear if ASIP is the sam e protein a s  the  

C.elegans PICK 1 (Wu et al., 1998). In tight junctions, colocalisation of ASIP 
with Z01 occurs which clarifies previous data. However, it is still u n reso lved  
what role PKC £ plays in this location.

Under several circum stances, PKC a  and PKC £ are  colocalised to sim ilar 

cell com partm ents. For exam ple, PKC £ h as also been  found localised in 

caveo lae  (Oka et al., 1997). PKC a  is also  localised there in a  TPA- 

dep en d en t m anner (Mineo et al., 1998; Sm art et al., 1994). C aveo lae  a re  
vesicular invaginations of the plasm a m em brane (Okamoto et al., 1998) an d  
may play a  role in generating p reassem bled  signalling com plexes. S ignalling  
pathw ays are  intact within caveo lae  and active, for exam ple, PDGF activates 

the MAPK c a sc a d e  in caveo lae  (Liu et al., 1997). PKC a  is asso c ia ted  with 
cell contacts and tight junctions. In Hep G2 cells, both PKC a  and  PKC £ 

could be asso c ia ted  with the transgolgi network (W esterm ann et al., 1996). 
PKC £ is asso c ia ted  with p62 in the endosom al pathway and PKC a  and PKC
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£ a re  found toge ther in the  early endosom al com partm ent (C .Prevostel in 
preparation). T ogether with the da ta  p resen ted  in ch ap te r 4 for the 

colocalisation of PKC a  and  PKC £, what role d o es  this association  have in 
the  regulation of cellular even ts?  Do th e se  two proteins activate each  other or 

interact to target each  other to specific cellular locations and  signalling 

pathw ays? Several p ro c e sse s  that a re  inhibited by classical PKC inhibitors 

m ay be m ediated  by PKC £, suggesting  a  role of c/nPK Cs in the  functioning of 
PKC For exam ple, in tight junctions, transepithelial electrical re s is tan ce  
(TER) is inhibited by calphostin C (Stuart and  Nigam, 1995). M oreover, in 

ischem ia-reperfusion of rat heart, w here there  is m assive calcium  influx, PKC 

£ is activated and both PKC a  and PKC £ are  translocated  to the  nucleus. The 
interrelationships and  control of PKC family m em bers by o ther PKCs m ay no 

longer be a  joke (Newton and Taylor, 1995). It will be intriguing to s e e  how  
the  distinct roles of all the PKC family m em bers, specifically the  aPKCs, can  

be  unravelled.

It will be  interesting to pinpoint the  role of aPK C s in integrin and vesic le  
trafficking, cytoskeletal ch anges, cell polarity, mitosis and  anoikis. In 
sum m ary, w e have clearly estab lished  PKC £ (and other PKCs) dow nstream  
of PDK1 on PI3K pathw ays. Yet how aPK C s m ediate o ther signalling 

pathw ays h a s  still to  be  resolved (Figure 7.1).
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